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ABSTRACT " \ . ^ 

f ^ . This paper, one of a series published by the 

Woriawatch Institute to identify.aBd focus attention on global ^ . 
piroblensi is atfapted firom^t he .author* s book, ^'Ray? 0,f Hope: The 
Transition to a Post-^etrtftjeum World.v The author examines the 
current energy problems of the worlds and determines that the*enargy 
patterns of the past ^are not the prologue to the future. The 
inadequacies associated with energy alternatives to petroleijfBr s^'ch 
as coal and nuclear fusion^ are identified and discussed. Thusr 
soc^itty- is left with only the. solar options: wind, falling water, 
fciomassr and direct sunlight. The ;hi5tDrical dfe velopmentr /tecHnoLogyr 
-and current status of each* of t^e sdlar options^ is detailed. The 
social arid political ramifications, of the coriversitfn to a society ^ 
based on solar energy are hypbth4:Hz«.3« The /authbr bo the 
conversion to; solar energy is tecTiriically. feasible, ecq^omic^lly 
,soundr and environmentally' attractive. (BT) / 
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'A bout one-fifth of all enerky used around the world now come$ 
#m from solar resources: mnd power, water power, biomass, and 
. AiiA yirecl sunlight. By the year 2000, such renewable -energy 
JL JL sources could provide 40 percent of the global energy 
budget; by 2025, humanity could obtain 75 percent ofUts ^ergv from, 
solar resources. Such a transition would not be cheap or easy, but its 
benefits would far outweigh th^osts and difficulties. The proposed 
timetable would require an unprecedented worldwide commitment ot 
resources and talent, but the cbnsequences of failure are similarly un- 
precedented. Every essential feature of the proposed solar transitioni. 
has already proven technically viable; if the 50-year timetable is nai* 
met, the roadblocks will have Been political-not technical." 



different solar sources will see their fullest develojpment in different 
regions. Wind po>yier potential is grearesl in ihe temperate zon^ 
while biomass flourishes in the tropics, Direct sunlight isnnost in- 
tense innhe cloudless desert, while water power depends upon moun-* 
tain rainsT However, most countries have some ptoten^ial to harness 
all these renewable resources, and many Unds have begun to explore 
the feasibility o/ doing so.^ , ' 1---^ 

A major energy transition of some^1i?nd is inevitable. For rich'^^ands!, 
Tnd poor alike, the energy patterns of i|t past are not prologue toi 
the future . The oil-based societies of th^industnal world cannAt be 
sustained and cannot be replicated; their spindly foundations; an- 
chorcd in the shifting sands of the* Middle East haVe begun to cTrode. 
Until recently most poor countries eagerly looked forward to entry, 
'into the 'Oil era>i*h its ^irplarfes, ,diesel tractors, and ubiquitous 
automobiles. However, the^fivefold increase in oil prices since 1973 
virtually guarantees that the Third World Will never derive most of its 



tnergy from pftroleiim. Both worlds thus face an awesome discon- 
tinuity in, the production and use of energy. 

In the past, such energy transformations invariably produced far- 
reiching social ch^t^ge. The 18th-cen(ury substitution of /coal for 
^ wood and wind in Europe, for example,, accelerated arul refashioned 
the industrUl ^revolution. Later, the shift to petroleum altered tlfe 
nature of travel, shrinking the planet, and reshaping its cities. The 
coining eriergy transitjpn fan bf counted^ upon to TundaipWitally alter 
tomorrow's world. Moreover, the quantity of, energy av^ Iflable may, 
in th< long r^ prove much l^ss important than where and how this 
energy is obtained. ' * ' • 

' ' ■ . \ " ■* * 

.* . ■ * * 

, Since many energy sources besides the s^n could replace oil and gas, 

• w need to kriow now >vhat consequences the choices we make, today 

will have in 50 years. While we can obviously possess np detailed 

, infprmation about the stafe of the wprld 50 years from now, even 

rough cikulations ipay yield insights of imp>ortance for energy * 

policy. If we optimistically assume that the world's population will 

level off after one more' doubling and stabilize at eight billion by . 

2025, and if we conservatively assume that per* capita energy use will 

. then amount K> one-third the eur rent U.S. level, we can broadly assess 

different ways of trying to meet this aggregate demand.^ 

If this energy were all provided b^ coal an absolutely intractable 
problem wbu}d result. Coal combustion necessarily produces carbon 
dioxidf and adding COi to the air. raises the earth's temperature by 
.retarding the radiation of heat into space (a phenomenon known as' 
the greenhouse effect). Since CO2 remains in the atmosphere for 
hundreds^ on perhaps thousands of years, the' impact of CO2 emis- 
sions is cumulative and irreversible on any relevant time scale. At our 
projected level of coal consumption, the atmospheric inventory of 
CQ2 would increase about 4 percent a veat; sucn growth In atmos* 
pheric carbon dioxide v^ould, virtually^ll meteorologists agree, soon 
alter the heat balance of the entire plandft dramatically. , / ^ 

If the postulatect eru?rgy demand were Uiet with nuclear fission, about 
15,00(T reactors as large as the biggest yeLbuil^woulalhave to be con- 




•truclcd-onc n*w reactor a day for 5a years. Sustaini. 
tort would require the recycUng of 20 milnon kilograms 

* annually; Every .year, enough plutonium would.be rec 
tl^t world to ^fabricate four million Hiro«hima-ii^ bo 
pro^ipfct cannot sanely be greeted with equanimity. 

Nucltar Allien if a apeculative technology .^No one knows what it 
v^U'coet, how it win Work": or even whether if^ill work. The deuteri- 
um-trttium rejK;tion-the "simplest" fusion reaction and the focus of 
almott all current re»e#rch-will produce large ajnounts of rAdioactjve 
'waatt ana^can be used to bfeed plutonium. Some advanced tusion 
cyclcf-iH^t notably those that woul<J fuse two deuterium nuclei or 
that would fuse a protdn with ;i boron atom-could, theoretically, 
provide a nearly inexhaustible supply of TeJatiyely clean power. But 
such reactions will be vastly, •more difficult to achieve Aan the deu- 
ttrtum-trithim . reaction. In short/ there is no chance that most oKne 
world's energy demand will be met by fusion in 2025.* ^ 

Thus we are left with the solar options: wind, falling w%r. biomass.^ 
and direct sunlight. Fortunatdy. they are rather attractive. Solar 
fourceijdd no new heat to the global eirvirbnrnent. and-when in • 
wuilibrlunv^they make no net contribution to atmospheric oarbon 

• dioxide. Sol^r technologies fit well into a political system that empha- 
s^es decentralization, pluralism, and local control. 

Sunlight is abundant, dependable, and free. WUh some minor fluctu- 
ations, the sun has been bestowing its bounty on the earth for more 
than four billion years, and it is experterf to continue to do so for 
several billion more. The sun s incohstancy is^gional and seasonal 
not arbitrary ox political, and it can. therefoTe be anticipated ^nd 
planned fpr .* ^ ^ 

Qur ancestors captured the sun's energy indirectly by gathering wild 
vegeUtion. Their harvest b^ame more reliable with the revolutionary 
shift to planned cultivation and the domestication of animals. As 
civilization developed, reliance upon >he sun grew increasingly cir- 
cuitous/ Slaves aYid draft animals provided a roundabout means ot 
Jiamcssing large quantities of phbtosynthetic energy. Breezes and 
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currtntf-^both lolar-powered phenomena-drove milU and invited 
ovtrftai travel. 

In earlier erai, People w^re intensely aware of the «un an a force in 
t)itlr lives. They constructed buildings to take advantage of prevail- 
ing winds and of the angles at which the sun's rays hit the earth. 
TJhey built industries near streams to make power*generation and 
transport easier. Their lives revolved around the agricultural seasons. 
In the 14th century, coal began to contribute an increasins fraction 
o£ Europe's energy budget-a trend that accelerated greatly in the 
18th and 19th centuries. During the past 75 years, oil and natural gas 
became the principal energy sources in the industrialized world. In 
the fossil fuel era, the sun has been largely ignored. No nation in- 
cludes the sun in its official energy budget, even though all oth^r 
energy sources would be reduced to comparative insignificance if it 
were. We think we heat our homes with fossil fuels, forgetting that 
without the sun those homes would be -24,0* C when we turned on^ 
our furnaces. We think we get our light from electricity, forgetting v 
that without the.sun the skies wouldi)e permanently black.* , 

About 1.5 qliadrillioi'^fnegawatt-hours of solar energy arrive at (h^ 
earth's outer atmosphere each year. This amount is 28,000 times 
greater than all the commercial energy used by humankind Roughly 
35 percent of this energy is reflected back into space; another 18 
percent is abtorbed by tne atmosphere and drives the winds; and 
abou^ 47 percent reaches the earth. N6 country uses a^ much energy 
as is contained in Ihe sunlight that strikes just its buildings. Indeecl, 
the sunshine that f%ns^ each year on U.S. roads alone contains twice 
as much energy as eroes the fossil fuel used annually by the entir.e 
world. Tl^e wind power available at prime, sites could produce several 
times more electricity than is currently generated from all sources. 
Only a fraction of the world's hydropower ca^jacity has been tapped. 
As much energy could be pbtained f^rom biomass each year as fosisil 
fuels currently provide. . ^ 



How easily and cheaply these Vast energy sources* can be htf^ted is 
disputed. ^Opinions naturally rest heavily upon the questftn^sked 
ana the assumptions made. How much distance can separate an ener- 

' .10 
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gy ficUlly and lit pottntUI uteri? Will people and indumrieii miurate 
i Id Ukt •dvanlAgt of new energy sources? Should only huge, utility- 
%■ tcalt tlttf bt contidercd 'or should* individual and community-fixed 

llM bt counted well? What limits will environmental, political, and 

Mtd^tHc factors impose? 

v f , ■ ' . . 

PMt efforts to lap the solar flow have H^n thwarted by unreasonable 
iCOIIOinic biases. The environmental costs of conventional fuels> f6r 
.fxam^t^ have until recently been largely ignored. If reclamation were 
Nquirtd of strip mining companies, if power plants were required 
to sUfk their noxious fumes, if oil tinkers were prohibited from 
' fouling Iht oceans with their ioxic discharges, if nuclear advocates 
4 wtrf Torctd to find k safe way to dispose of long\lived radioactive 
waittt, ionvtntionrf power sources would cotft moreVmd sofar eouip- 

• mtnl would be more ecopomically competitive. As such costs have 

* btm increasingly "internalixed." conventional sources have grown 
- more txpensive and soUr alternatives have consequently become 

more crealble/ ^ 

Moreover, fuef prices long reflected only the costs of discovery ex- 
traction, refining, and delivery; they failed to include the value of the^ 
*tutl Itself. Over the years, improveme^tts in exploitation techniques 
drove fuel prices relentlessly downward; bCit these low prices were 
chimerical. /Although, for example. U S. oil prices (corrected for infla- 
tion) fell 37 percent in the 25 years between 1948 and 1972. the na- 
tion was living off its energy capital during this period-not its in- 
ttrHt. The world has only a limited stock of fuel, and it was only a 
matter of tim5j>efore'that fuel began to run out.* 
* 

Unlike finite fuels, sunlight is a flow and not a^tock. Once a gallon 
of oiLis burned, it is gone forever, but the sun will cast its rays 
earthward a billion years froin no^. whether sunshine isTiarnessed 
•todiy for human needs or no(t. Technical improvements in the jtise of 
sunlight could lower prices permanently; similar technical improve- 
ments in the use of finite fuels could hasten their exhaustion. 

► The currtnt world econortiy was built upon* the assumption that its 
limited resources could be expanded indefinitely. No nation charged 
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OPEC-ttylt ftveranct royaltift when oil was removed from the earth; 
dtpktion altowancff were granted to those who exploited it. No na- 
tion charged a reffonable "tcarcity rent" br fuel: the needs of future 
gtntratlons were discountnl to near xero. Now that the world's re- 
' mainlng supply of easily obtainable hiah-grade fuel is mostly Wsthe 
Hands of single*r«sour(e nations with legitimate worries about Iktir 
loM-rangt futures, prices have increased .fivefold in five years. As a 
cbnsequtnct, soUr energy is rapidlv shiking off the false economic 
cc^tralntt th«t previously hindered its commercial development. In 
m6r tht Unlt^ States produced one million square feet o( solar 
collectors; In 1977. the figure is expected to triple,' 

% 

Since sunlight isfubiquitous and can be used in decentralized facilities, 
many, proposed I solar options would dispense with the expensive 
transportat ion aj d distribution networks that encumber conventional 
^.tnergy syttemP® The savings thus obtained can be substantial; 
transfnisilon and distribution today account for about 70 percent of 
the coit of providing electricity to the av«rage U S, residence." In 
addition, line bases, during electrical transmission may amount to 
several percent of all the energy produced, and the unsightly trahs- 
mitsion tendrils that link centralized energy sottrcfs to their users 
are vulnerable to both natural disasters and human sabotage. 

Probably the most important element in a successful solar strategv 
is the thermodynamic matchins of appropriate energv sources with 
compatible uses. The quality of enttrgy sought from the sun and the 
coats of collecting, converting, and storing that energy usually cor- 
relate directly: the higher the desired quality, the hjghet the cost. 
Sources and uses ipust therefbre be carefully matched, so that expen- 
sive, high quality energy is not wasted on jobs that do not require it.*' 

No country has underUken a comprehensive in^tory of the quality 
of energy it uses throughout its econoipy. Moreover, the energy cur- 
rently employed for various tasks is often of far higher Quality than 
necessary. The use of nuclear reactors operating at a million degrees 
C to mike electricity to run residential water heaters to providi^ oath 
water at 30* C is surely the height of thermodynamic foolishness. 





jaty calculations'siiggest that* roughly '34 ^percent of end-use-" 
. (n^e United S.tatcte is employed as heat at temperatures under^ ^ 
mucb of this'energy heats buildings and provides hot water. XI 
i: Aitolh»4^^^^ is for neat at temperatures of lOO^ C or higher, ; 

lijtwch of i processesi. Thirty percent of 6nd-use energy 

[ii^empj^y^ttl to ^)oWer the transportation system,"" 8 percent is used as , 
^cledricity and 3 percent as. miscellaneous mechanical work. In Can- ^ 
I ida, a somewhat higher percentage is used for low-grade heaf and 
lisoihewhat less is used for transpottatip,n. /Although both countries 
Tare highly industrialized, highly mobile, and have high energy use- 
i GNP ratios, most pf the energy budgets of both could' easily and 
'^^onomically be met using existing solar technologies." ' 



; ^!Heap, unsophisticated*colleGtofs can easily provide' temperatlures up 
- 4b 100* f^elective s^ coatings that absorb 

much sunlight but re-eradiate negligible heat— greatly increase bhe* 
temperatures that collectors can attain. Because air conducts and con^ 
' ' vectS'heat/^higKT-iemperature collectors are often sealed vacuums. Fo- 

• cubing fcoU^ use lenses ox mirrors to focus sunlight into a 
small target area, can obtain still higher temperatures. The French 
Sol^r furnace at Odeillo, for instance, can reach temperatures of about 
300p*C. \ ■ ; 

V Solar thermal-electric plants appear economically sound, especially 
" when operated only to. meet daytime peak demands or when crossbred 

witlvrexisting plants ;'thett use other fuels for night-time power pro- 
3,duqtion. Okrean thefrmal facilities may be a source of base-load elec- 
. tricity in some coastal areas. Decentralized photovoltaic cells will be 

the most attractive spurce of solar electricity if the cost reductions 

'commonly projected materialize. ' ' 

>tl . / o- ' . 

Wind power can be harnessed directly to. generate electricity. But 
Ibecause electricity is difficult to store, some wind turbines might best 
be used to pump water into reservoirs or to compress air. The air and 
'water can then be released as'needed to generate electricity or to per- 
form mechanical wotrk. Energy from intermittent sources hke wind 
machines, can also be stpfed^s high temperatu?e heat or in chemical 

* fuels, flywheels, or electrical batteries. 
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•Biological energy sourc^es, which include bothorganic wastes and fuel 
* crops, couJ4^ by themselves yi^d much of thej^orld/s current energy 
2^ needs. Such^ources can provide liquid 'and 'gaseous fuels as well as 
dicect heat and~ electricity. Particularly attractive, in a solar economy 
would be the use of biomass for the co-generation of electricity and 
industriaPprocew stearn. * 

While no single solar technology can meet humankind's total demand 
for erifrgy, a combination of solar sources can. The transition to a 
spl^if. era can J^e begun tdday; it vyould be technically feasible, -eco- 
noihically souhd, and environmentaH> attractive. Moreover, the most 

\ intriguing aspecf of a solar transition might lie in its social and 

• politifel ramifications," ■ ' \' • ' 4f , 

' Mpst "policy analyses do not encompass these social consequences of 
energy choices. Most energy decisions are basea instead on the naive 
-assumption that competing sources are neutral and interchangeable. 
As defined by most energy experts, the task at hand is simply to ob- 
tain enough energy to meet tne projected demands at as low a cost 
as possible. Choices generally swing on small differences in* the. 
marginal costs of competing potential sources?' : 

But energy sources are not neutral and interchangeable. Some energy 
' sources are' necessarily centralized; others are necessarily dispersed. 
Some are exteedingly vulnerable; others are nearly impossible to dis- 
.^rupt. Some will produce many new jobs; others will reduce the num- 
ber o£ people employed, ^ome will tend to diminish the^jjap between 
rich and poo'r; others will accentuate it, S^^e inherently dangerous 
sources can be permitted widespread growthVnly under auth&ritarian 
regimes; others can lead to nothing more dangerous, than a leak^y 
roof. Some sources can be comprehended only By the worldfS most 
elite technicians; others can be assembled in remote villages using 
local labor and indigenous materials. Over time, such considerations 
may prove weightier than tjiie financial criteria that dominate and 
limit current energy thinking, 

^Appropriate energy sources are necessary, though not sufficient, for 
the realization of 'important social and political goals. Inappropriate 




"Most energy decisions are bped on the 
naive assumption that competing source^ 
are neutral and interchangeable/' 
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: ine/ determine^^^ th? world \vill look a . f ew^decades hence. While 23 
energy poli^ has beeir dominated by the^thinking of economists and 

^^i.XTW worlds that could develop around energy sources that are 

S?^? ■ ififident, rer^ s^^fe cannot be fully 

- ^ visualized fron^^ vantage point. Indeed, one^of the most 

ittractive promises ol such Sources is a far greater flexibility in social 
V -^' d^^ by their alternatives. AlthoughfehergV sources 

V'knay not dictate the shape of society; they dor. limit its range of possi- 
a biUties; and dispersed solar sources are more compatiWe^^han cen- • 
traiized tj^hnoiogies vvith social equity, freedom, and cultural plural- 
ism". All^ii all, solar resources could power a rather attractive world. 

^^■:':-S<AdiT energy is most easily cap.tured as1ow-grade^eaf Development 
pt the flat-plate collector that is used to catch such heat fe generally 
/credited to the 18th century Swiss scientist Nicholas de Saussure, 

t / who obtained temperatures over 87' C using a simple wooden box ; 

^ ' /with a black bottom and a glass Jd|x,. ^The-printiple us6d by de Saus- 
sure is simple: gla§s.is- transparent to. sufiligh.t but hot to the radiation 
of longer-W^'velerigths given off b^r^ifce hot collector itself. Sunlight 
. flows easily through the glass' top into the collector where it . is 
• trapped as heat. The modern flat-plate collector operates o" this same 
basic principle, although improved materials achieve much higher ' 
temperatures and are more durable. Jrtmple and easy-to-make solar 
collectors could supply heat now provided by high-quality fuels. 
Mdre than one-third of the energy budget of all nations is spent fo 
produce heat at temperatures^ that flat-plate^ sola;^ collectors can 
achieve." . • ^ • 

"V^The simplest t^sk to accomplish directly with solar powf^r is" heating 
, water; and Solar water Heaters are being utilized in many countries: 
More ^than two million J^^jj^ been , sold in Japan, and, teirs> of thou- 



vfe^jpl 2^^^ Israel. In the remote reaches of northern?Australia, 

V';>yn^i$ueis arl expensive, solar water heaters -are required by law on 
>jj^^vvV buildiri'g^^ replaced by cheap natural gas, sola^ water 

?^^fi^efs were much used in California ^md in Florida; Miami alone had 
'atoiit 50,000 .in the early 1950s. Since-1973, interest in solar, water 
•heaters has rekindled in many parts of.the world. In poorer countries, 
cheap hot . vyater can niake a significant contribution to public well- 
being: hat water fbr'dishwashing and bathing' can reduce the bp rd en 
of infectious diseases, and' clothes washed with hot water and soap • 
outlast clothes beaten clean off rocks at a river's edge. 

Sunlight can-also be used, to heat buildings. ^AlLbuildings receive and 
trap radiant energy from the sun. Wdrming'a home on a winter day, 
thi/ heat may be desirable; but it can constitute indecent exposure, 
brZiling^d embroiling the occupants of. an all-glass office btylding «> 
ii< mi44lfrnmer. Solar buildings, designed to anticipate th$ amount of 
iolar energy availabft in each segkrfj^put sunlight to work.' To har- 
/hess diffuse Solar energy to mefS^HHlding's needs, options thaft Vary 
in efficiency, elegance, and expeij^^n be employed.^* 

Solar heating systems for buildings can be either -'active" or "pas- 
sive." In active siystems, fans, and pumps move air or liquid from 
a collector first to a storage are^a and then to where it is needed Pas- 
sive systems store energy right where sunlight impinges on the build- 
ing's structural mass; such systems are designed to. shield the struc- 
ture from unwanted summer- heat while capturing and retaining, the 
sun's warmth during the colder months. Passive solar buildings act 
as "thermal flywheels,". smoothing the effects of outside temperature , 
fluctuations between day and night— a principle as old as th of ancient 
thick-walled structures qf Mofienjo-Daro in the Ihdus Valle/and the 
adobe Indian pueblos In the American Southwest. Although more 
money and attention has been lavished upon active systems, many 
< of the world's most s.uccessful solar buildings employ sample, inex- 
pensive passive designs. ' ; 

In the latitudes that girdle the Earth between 35" N and 35° S, roofs 
of buildings can be built to serve as passive solar sfora«e devices. 
Fof this regiorv American designer Harold Hay has built a "sky- 



therm"' fibuse; the flat Ij^foT^^f whi^h is coveared.by^large polyefhylene 
bags filled 'With water, kdroitlymanipulatine. slabs of insulation 
over the «)of. daring the da^r.or night/ Hay ca;i heal the housein the' 
winter and cool it in the summer, A.K.N. Reddy and K,K. Kftsad at 
;the Indian Institute of Science in Bangalorciliave suggested a similar; 
but jess expensive d'esign for p6or countries/ their model uses rooftop 

• ponds of, i^ater, . « 

InvUtitudes above 35" either north or'south, a fiat roof can catch 
less and less of the low winter sun. Vertical walls and steep roofs are 
more effectfve solar collectors in these regions than are flat roofs. In 
France, Felix Trombe and Jacques Michel Have built several solar 
houses, each with a-.glass wall facing south $ind a thick concrete wall 
located ^ short distance inside the'glass. Openings hear the top and 
bottom of the cbncfete walls cre'kt? a natural circulation pattern as hot 
air'rises and moves into the living areas while cool 4ir flows through 
the bottom opening into the sofer-heated space between the glass and 
the concrete. During the summer, when additional heat is unwanted, 
the top air passages are closed and the rising air is channeled outside. 
This same approach .has been successfully employed by Doug Kel- 
baugh in his passive solar t^use in Princeton, New Jersey. » 

In addition to such passive app9)aches, hundreds of active solar 
heating systems have been built, using a vdciety of collectors and 
storage systems. Each technology stresses certain features-good 
. performance, rugged durability, attractive appearance, or low cost- 

• each of which is often achieved at the sacrifice of others. The U.b. 
effort has been by far the most expensive and ambitious, though im- 
portant work has been done in the Soviet Union, Great Britain, Aus- 
tralia, Japan, Denntark, Egypt, and Israel. ^ 

Flat-plate solar collectors suffice fer normal heating purposes. After 
' heat has. been collected and then transported to storage re^rvdirs, 
most active solak- heating systems use conventional technologies 
(water radiators or forced-air ducts) to^ deliver it to the living areas as 
needed, , ' . 

Solar collectors are being used in diverse locations to heat buildings. 
The towfi of Mejannes-le-Clap in southern France has announced 



plans to obtain most of its heat from Ae sun Several U.S. soUr- 
; heated immunities, ^s weU :as individua schools, meeting halls, 
,'office ybuydings, and eyeh hamburger stands, are now un^er con- 
struction. Saudi "Arabia plans to build a new town at Jiibail, using 
sunlight for heating, for cooling, and for running wate!" pumps; thfi 
Saudis are now also building the world's largest solar-heated building 
—a 325,000 square/foot athletic fieldhouse— in Tabuk. 

Storing heat for a couple of days is not difficult;' hpated water or 
^.gravel will do the job if a large insulated storage *bin is used. .£nte ctic 
salts, substanices tmt absorb .prodigious amounts of heat wMjiihey . 
jcneit arid then release it when they re-solidify, can reduce th^TOhi- 
mum storage volume needed by a factor of six. The mosf serious 
problems plaguing the storage of heat in phase-changing eutectic 
salts have been overcome, according to tDr. Maria Telkes, a leading 
American expert in solar thermal storage.'^ * 

Ii| the 1940s, the Japanese built an energy storage system that ' 
worked on an annual cycle. During cold months, heat vyas jgumped 
from a large ^container of . water; by the end of the winter, a huge 
block of ice had formed, into whicn excess building heat was cast 
during the summer. The Japanese concept was recently revived by 
Harry Fischer of the Oak Ridge National Laboratory in' Tennessee. 
Fischer found that when combined with a solar collector, a radiator, 
and an efficient heat pump,. such an annual storage system can per- 
form admirably over a wide range of cfimates. Fischer's prototype 
worked so well that several private companies decided to develop tn^x 
concept further.'* . - • , 

. • ■ ... ■ o 

Many simple solar technologies*can be used to codl buildings. Simple ^ 
ceiling vents may suffice to expel hot. air, at the same time drawing* 
cooler air up from a basement or well. In dry climates, evaporative 
coolers can oe used to chill the air.- In more humid at^as, solar-ab- 
sorption air conditioners may be needed. The logical successors to 
contemporary cooling units, solar air conditioners are currently being 
developed in Japan and the United JStates. While early solar air 
conditioners required heat at about 120* C for optimum performance, 
a Japanese company has developed a (unit that operates satisfactorily 



"The day is (Pawning when heating 
and cooling self-sufficiency will be an 
economical option for most new 
buildings/' 
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t'i^^^^ any commercial solar eoUector can easily 

^ -i^^ solar ^air conditioners teach peak cooling capa- 

^-city when the sun turns brightest, which is when they are mo^t 27 
' 'needed. Coiipequently, solar afr conditioners could reduce peak'dte- x 
"^ im^ on mky electricaKpomr grids. As co&*-eff«:tiv^e solar air con- 1 
- ■ ^ditidrters reach the market, the overall, economics of solar systems will , ^ v 
• ij(n|?|0ye because the collectors will begin providing a year-round 

^';WfeiFit.*^' , ■ ' ^ : ■ ' ^ ^ X ' \ 

■ It i^ harder 'in temperate than in tropical regions to provide,with solar • ^ . 
technolo^es lod percent of the heat l?uiWines need.\It is generally 

.cheaper at^presertt to get supplementary heat during long cloudy peri- 
ods irom conventional, fuels, wind power, bi<jgas, or wood. Hqwever, 
when spW . equipment is • mass-produced, prices should plumme^. ^ 
w^^ prices can only climb. Moreover, major improvecnents 

in the design of collectors, thermal storage systems, and heat-transfer 
mechanisms are being made. Indeed, the day is dawning when heat- 
ing and. cooling self-sufficiency will be an economical option for moSt 
\ new buildings.' ^ 

Solar heating systems a.r^ most attractive when considered in terms of 
"hfetime costs"; the initial investment plus the lifetime operating 
costs of solar systems o/tef\ total less than the combined purchase 
and operating costs of conventional heating systems. For example, 
recent U.S. studies have shown solar heating to be more economical 
than electrical heating except in competition with cheap hydipopower.^ ; 

' ■ ■ 1 ■ 

Investments in solar technologies, can be mortgaged at a steady co^t 
over the years, while the fuel costs of alternative systems will rise at 
least as fast as general inflation. In fact, the initial cost alone of solar 
heating systems often ^mountsJo less than the initial cost of elec- 
trical resistance heatingr if the cost of the building's share of a new 
" power plant and the electrical distribution system is included. How- 
ever the cost of a solar heating system must be borne entirely by the 
homeowner, while <a utility Builds the power planj^and strings the 
power lines. The utility borrows money at a lower interest rate than 
the homeowner can obtain, and it averages the cost of electricity from 
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.cv expensive new plant with that .of power from cheap plants built 
decades earlier so that true marginal costs are never compared,^' 

Solar heated buildings are now commercially viable. Howeyer, large; 
scale changes in the housing industry are not accomplished easily— 
witness the 30«P00 autonomous buildirig code jurisdictions in the 
United States. The building industry is localisfaj— e^ven.the giant con- 

f • ' stiructfbn firms each 'produce fewer than one^Italf of one percent of 
all units. Pro£it margins* are small, and salability has traditionally 
reflected tKo buildei^'s ability to keep purchase prices lovy, Monethe- 

- : less, a respected mifrket research organization. Frost and Sullivan, 
.predicts that 2.5 million U.S. residence^ will be solar heated and 
.' cooled by 198§, and the American Ihstitute of Architects has urged 
an even more airibitious solar development program." 

/ Solar heating becomes eyen more attractive when it is crossjbred with 
V plh^r compatible techoologies. Its happy marriage to aj^sorption air- 
' conditioners and' heat pumps has already been mentioned. Green- 
^uses too can be splendid solar collectors, producing much more 
heat than they need in even the dead of winter, if they are tightly" 
; colistructed, well insulated, and fitted with substantial thermal stor- 
age capacity. W]^|reas niany old-style attached greenhouses placed 
demands on the hMing system of the main hquse, inexpensive solar 
greenhouses can aftu ally furnish heat to the living area while they 
extend the growing season for home-grown vegetables. A program to 
. build greenhouses for low-income families in northern New Mexico 
out of local materials/ low-cost fiberglass, and polyethylene has al- 
ready proven successful. 

Iri addition, to warming buildings, low-grade heat from simple solar 
.devices can^ also be used to dry ctops--a task that now often con- 
V sumes prodigious amounts of propane and methane gas. Solar dryers 
. are now , being used to remove moisture from lumber and textiles, asp 

Well as from corn/ soybeans, alfalfa, raisins, and pruniss. The sun has 

always been'used to dry most of the world's laundry. 

For more than a century, solar advocates have' gathered crowds by 
cooking food with devices that use mirrors to intensify sunlight. 
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Now tfiat fi-rewood supplies are growing scarte in many ^^rts of the 
ip lSrd World, solar cooking is being taken" more serioushrAlthou|h 
» . cockers prbved popular' in some village expenments in ttte 19 
P SSs their high cost, Ts;much as $25 each, prohibited widespread 
Wver, cheap new reflecting materials- Uke aluminized 
W^'^^Ur can^be stretched over inexrfnsive locally-made frames In popr . 
^•^^ TSU*> solar cookers will \^ *ly supplementary devices for now^ 
S'^ IStheie mechanisms canrtotfdncti^m 

f-^ amhsince storing high-temperature heat is- expensive. ?ut if heat 
fe-- SJk^^ acWancesrsolar^stoves and-bvens^ay >lay an m- 

: cteasingly important rok in ric^Tand poor countries alike. ^„ . 

' fe^ now also encompasses desalination devices tli^ ^ 

e^irS^Tatefto separate it from.salt. In the Ute 19th centunr, J' 
S Chile, provided up to 

^. ^cS) Sflons of#!sh water per day for a mtrate mine. Recent e- 
^ sMTch has led tTmajor improvements in the .technoloKV of so a?^ 
' dilination, especiaUy to improvements in "multiple-elYect jo ar 
^ S" Today, this sSR-driven process holds great promise, especially 
• ih the Middle East and other arid regions. A small Soviet solar <^e- 
:° s^ruiaon in/the Kyzyl Kum Desert in central Asia now pro- 

• diKcs four tons of tc^h water a day." . * . 

Relatively low temperature sources of heat can «!f« ^e used to^op- 

Sate pumps and engines. In the 1860s, 'Augustin Motfchot, a French 
. physicist developed'a one-half horsepower solar steam engine. In the 

S S century, more efficient engines wer? built using ammonia 
r V^l£ -rrSe^do{ water as the wor^in'g fluid, In 1912, Fra^k Shu 
. . maa constructed a 50-horsepower solar engine rt^ar Cairo to pump 

irrigation water from the Nile. 

Scores oiF solar devices were built around the world in the early dec- 
Tdeslf this century, but none withstood the economic competition of 
' ow^ost fossil fuels. In recent years, with P%%«°f '"A J° f , 
punips have begun to attract attention again. In 1975, a^40-horse- - 
pSwer solar pump of French design was instaUed in Sanguis de la 
to meet this Mexican town's irrigation and drmking n^eeds. 
. ico has ordered ten more such pumps; and Senegal; Nigef. and Maur- 




; itania have instalFcd similar devicesvAt present, solar pumps make 
economic sense only in remote areas where fuel ancT maintenance 
. <»rts for conventional systems are extremely Tiigh. But, manyomihor- 
.itiCS beheve the costs of solar pumps could >be dtamatlcally reduced 
, l>y taking adyantaee of the findings of further research ind the econ- 
^; omies or mass productiorv^ : ^ . , • , 

' ^ 

Solar energy crfn be u seel dirlctly in various industrial processes A 
stwdy of -the Australian food-processing industiy found, for examble 
that h^^^ 90 percent of th^ industry's energy needs; almost 

aU this heat was at under 150" G, and 80 percent w^s below lOO* C 
Such low-temperature heat can be easjily. 'produced and stored usinc 
eleme^ry solar, technologies. Similarly; a study of an Australian 
soft-drmlc plant Found that enough collectors could be rc^trofitted 
-orlto the factory's roof to provide 70 percent of all the plant's heat 
requirements^* 

X recent study of U.S. industrial" heating 'demands concludes that 
abouf 7.5 percent of all heat is used at temperatures below lOOT and 
2d percent below 288*C. However, dir&t solar power can be used to 
pre-heat materials from ambient temperatures to intermediate tempera- 
tures before another energy source is employed to achieve the still' 
higher temperature demanded for an industrial process. Such solar 
pre-heating can play a role in virtually every industrial heat applica- 
tion. It pre-heating is Used, 27 percent of all energy for U.S. indus- 
trial heat can be delivered under^lOO*" G and about 52 percent under 

Much of the energy used in the residential commercial/, agricultural 
and industrial sectors is employed as low-tefnperature iieat. In the re- 
cent past, this demand has been filled'by burning fossij fuels at thou- 
sands of degrees or nuclear fuels at millions of degrees. Because such 
energy sources were comparatively cheap, little thoughl was given to 
the thermodynamic inefficiency of using "them ^tr^prodube low-grade 
heat Now that fuel costs are mounting rapidly/ howeverSlemands 
for heat increasingly will be met directly from the sun. 
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. " A sensible energy stralegy demands 
ji^e tHan the simple-minded substitutiOQ 
^ of sunlightfor uranium." 

* * ' ^ ' I • ' 



.Ekctridty from the Sun 
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It >yas long believed that nuclear power w<3uld replace the fossil fuels. 
Because nucleat power is best utilize^! in centralized electrical power 
plants^ virtually all ertergy projections therefore show electricity ful- 
rilling a growing fraction of air projected energy demands. Some 
soldgp proponents advocate large cetitraliz^ solar^ power plants as 
direct replacements for nuclear power plants to meet this demand* ^ 
However, solar technologies can provide energy pf any quality, and 
remieirkably little of the world's work requires electricity: A sensible 
energy strategy demands more than the simple-minded substitution of 
sunlight for u^anium.^^- 

ft ■ ' 

Electricity r>ow comprises less than 20 pejpent of. energy use in virtu- 
ally all countries* If energy sources were carefully matched with ener- 
gy^ uses, it is difficult to invagine a futiife society that would heed 
more than one-tenth of'its energy budget, as electricity— the highest % 
quality and jnost expensive form of energy. Today, only 11 percent 
of U.S. energy is used as electricity, and* mu^h of this need could be 
met witK other energy sources. To fill gehuine needs for electricity, 
the most a ttracti^ve technology in many parts of the world will be 
direct solar conversion. * . 

Two types of large, land-basjtd solar thermal power plants are receiv- ^ 
~ng wiaespread attention.- Th> "power to\yer" is currently attracting' ^ 
ih^ most mqney and minds, although a rival concept— the "solar ^ 
farm"— is also being ipvestig^Jed. The power tower relies upon y large 
•field of mirrors to (ocus sunlight on a- boiler located on a higjpstruc- 
ture— the "tower. " The mirrors are adjusted to follow the sul across 
the sky, always maintaining an angle that reflects sunlight'pack to # 
the toiler. The boiler, in turn, produces high pressure steam lo run a 
turbine to generate electricity. The French, who successfully fed. 
electricity-into their nafional grid from a small tower prototype in 
lanuary of 1977, plan to have a 10-megawatt unit operating by 1981 
and have been aggressively trying to^ interest the desert nations of the 
Middle East in tnis effort, The,United States is now testing a small 
prototype involving a 40-^cre mirroriidd and a 200-vvatt tower in 



New Mexico, and it plans to put a 10-fhegawatt power plant into 
operation by 1980 at Bar^tow, California. * * 

r An electric utility in New Mexico plans to combine thrjee 430-foot 
power towers that generate* a total of 50 megawatts with an existing 
gas-fired pow^r plant at Albuquerque. The proposed complex 4voula 
\ulili2e the existing generators, turbines, condensers, switchyard, etc. 
ThjB resulting hybrid, whiph would cq^t $60 million and cover 17b 
Tes, would have no heat storage capacity; it would simply heat its 
^oilers with gas when the surjJailed to shine. A survey by the utilhV 
identified '600 existing power jplants in the America/i Soumwest (witn 
ab^ut 40,000 megawatts of electrical generating capacity), that^uld 
'b^retrofittcH %^ith solar power towers. 

The Ysolar farm" concept would employ rows of parabolic reflectors 
to direct concentrated sunlight onto pipes containing molten salt$ 
or hof gases, ^peciaf heat exchangers woqid transfer the 600* C heat 
from the pipes to storage tanks, filled with melted metal, from whence 
it couldT.be arawn to generate high pressure steam to run a turbine. 

Both the solar farm and the povver tower ipiMoacSes require dirett 
sunlight because their concentrating mirrors/cMnot* use diffuse light. 
Both will also probably be feasibJNjjonly in ^mi-arid regions with 
few cloudy days and little pollution^ One objection raised to such 
facihties 1$ that they would despoil large tracts of pristine desert. 
However, proponents point out that- the area needj'd to produce 1,000 
megawatts of sohr electricity is less than the amount of land that 
would have to be strip-mined to provide fuel for a similar sized coal 
plant during its 30-year lifetime and that the solar plant's land could 
be 'used forever. In fact, according to Aden and M^rjorie Meind, a 
l,000-me2awatt solar farm on the Arizona desert vyould require no 
more land than must, for safety reasons, be deeded for a' nuclear re- 
actor of the same capacity." 

~~ V ■ - 

Large, centralized solar electfic' plants cdoisume no finite fuels, pro- 
dude no nuclear. explosiV^es, and hold no^ (ecological punches. With 
development, such plants should also be economically competitive . 
with fossil-fiieled, fission, and fusion power plants. However, they 
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produce only electricity and they are subject to all the problems in- 
herent iiv» centralized nigK technologies. To the extent that energy 
needs can be met with lower ^ality sources oi( decentralized equips 
jnent, the centralized options snRld be avoided. - < ^ 

■ ' , ^ ' '■ 

. As a power source in countries where land is scarce or where cloud 
coyer is frequent, solar electric plants^ are less (promising; efficient 
kn^-distance cryogenic electrical transmission may prove feasible 
btft will probably be extremely exp>ensive. Proposals ^o tap North 
African deserts for power for Western Europe or to course Mexican 
sunlight through New York's power grid are therefore unlikely to 
' bear fruit A more likely consequence of sola^ theriinal-elfectric devel- 
opment would be the relocation of many "energy-intensive industries 
in supny climes. In fact. Professor Ignacy Sachs, director of the In- 
Uniiational Center for Research on Environment and Developmept 
in Paris, has predicted that a new solar-powered .industrial civiUza> 
tion will emerge in the tropics. , f 

Land-based solar electric plants must bow to one incontrovertible^ 
fact: it is. always night over half the earth,' If such facilities are to 
generate power after the sun sets, oversized collectors" must be built 
and the excess heat retained in an expensive storage facility until it 
4s n^ed. But ocean thermal electric conversion (OTEC) plants, 
whicli use the oceah as a free collector and storage system, are unaf- 
fected by daily cycles. Because the ocean's temperature* varies little, 
Oric plajits can be a source of steady, round-the-clock power, 

The^tem'perature difference/between the warm surface waters of trop- 
ical oceans and the coldej waters in the depths is about 20* C. In 
1861, J. D'Arsonval . suggested in an article in Revue Scientifique 
Jkxat this difference couliPbe used to run a closed-cycle engine. In the 
1920s, another French scientist, Georges Claude, persuaded the 
FrencM government to build a number of open-cycle power plants ^o 
exploit these ocean thermal gradients. After ^orld War II, the French 

/Government built several OTEC flants (the lareest of whicR had4a 
capacity of 7.5 megawatts) in the hope that sucn plants would pro- 

" vide inexjfensive enerjjy to France>s tropical colonies,- French int^erest 



in the project crumbled along, with its overseas empire, hul the idea 
of harhe^ng 9Cean thermal gradients to generate power lingers on.^* 

B^ause of the small temperature differences between deep and. $ur* 
face waters, OTEC's potential efficiency is severely limited.. More- 
over; as much as a third of the power an OTEC facility produces 
/.iOiay be required to "pump the enormous amounts of water needed to 
' cycle. Despite these difficulties and the additional prob||||) 

la^ansporting power to risers on the shore^ OTEC proponents con- 
tehcl^lhai the System will be cheap enough to underprice competing 
'Sources of electricity. However, this contention- is . untestefd, .ana, 
.estimates of an QTEC unit-'s cost range frdm about $459 almost 
,.$^000 per installed kilowatt-rexduding the cost^ of transporting the 
^el^tricity to the land and the costs .of any environmental damages. 
The real cost will probably fall between thes^' extremes, but early 
inodels, at least, will likely veer toward the high end.^ 

The OTEC concept does not involve any heW^sic technology. Its 
prdt>onents tend to downplay the technical'^^ficulties as simply 
'inatters of "good plumhihg,". even though the system would require 
pumps and heat exchaflj^ers far larger than any vp existence. Because 
mey do not 'consume any fud, OTEC systems are largely insured 
against future cost increases that could affect nuclear or fossil- 
fueled plants!. On fhe other hand^ with so many of their costs as, 
literally, sunk investments, the viability of OTECs will depend entire- 
ly upon their durability and reliability— two open questions at this 

Coint. Unexpected . vulnerabilities to corrosion, biological fouling, 
urricahes, or various other plagues could drive costs up dramatic- 
ally. . ' ^ 

Intensive deployment' on the' scale urged by OTEC's most. ardent ad- ' 
vocates could also possibly engender a variety of environmental 
problems that a few. scattered plants would nof provoke. An increase 
in the overall heat of substantial bo;iies of water and the upwelling 
of nutrient-rich waters from the ocean bottom could both bring on 
unfortunate consequences. Ocean temperature shifts could have far- 
reaching impacts on weather and climate, and displacing deep waters 
would distarb marine ^ology. In addition, physicist Robert Williams 



4of Princeton calculate?, the upwelling of carbon-rich water from the 
ocean bottom Could cause atmospheric carbon - dioxide to increase 
substantially,^* OTECs, like other large centralfzed sources of elec- 25 
tricity/have costs that multiply rapidly when large numbers of plants 
ar^'ljuilt. This^ technology shoula probably be Jimited to a modest 
number of facilities in ocean areas wnere conditions are optimal. 

The most exciting solar electric prospect is the photovoltaic cell— now 
.the principal power source of space satellites. Such cells generate 
electricity directly when sunlight .falls on them' They have ng moving, 
p^r^s, consume no fuel, produce no pollution, operate at envirpiv. 
mental temperatufeSV have long lifetimes, require little maintenance^ 
and can be fashioned, from silicon, the< second most abundant element 
/inthfe Earth's crust" - J - ' 

photovoltaic cells are modular by riatuire, and 'little is to b« gained by 
grouping large masses of cells at a gingle collection site. On the con- 
trary, the technolbgy is most sensibly applied in a decentralized 
fashion'— perhaps incorporated in the roofs of buildings— sb. that 
transmission and storage problems can be minimized. With deceri-. 
traliz^d use, tlie 80 percent or more of jhe sunlight that such cells 
do not convert into electricity can be harnessed to provide energy for 
spSce healing and cooling, water heating, and refrigeration. ' 

Eur\fJamental physical constraints limit the theoretical efficiency of 
, photo vpltaic cells to under 25 percent. Numerous practical problems 
rbtce the real effici^cy lower— for silicon photovoltaics, the efficiency 
ceiling is about 20 percent To obtain maximum effi^ency, relatively 
pure materials* witn regular crystal structures afe required. Such 
near-perfection is difficult and expensive to obtain. High costs haye, 
in fact, been the principal deterrent-to widespread use of photovolta- 
ic cells. ^ ' 

Cost, canoypariisons between photovoltaic systems and conventional 
systw^s can be complicated, Solair cells produce electricity only when 
the *^sun shines, while conventional power plants are forced to shut , 
down frequently for repairs or maintenance. Depending on the 
amount of sunlight avaiUble where a photovoltaic array is located. 



the cells might produce between one-fourth and one-half as much 
:power per kilowatt of installed capacity as an average nuclear power 

Elant does. Adding to the costs of photovoltaics is the need for som^ 
ind of storage system; on the other hand, the use of phbfovoltaics 
may eliminate the heed for expensive transmission ^nd distribution 
systems.' > * ; ^ ^ \ 

Depending upon who does the figuring, ptiotovoltaic cells now cost 
between 20 and 40 times as much as conventional . sources of base- 
load electricily. However, as a source of power Jiist during daylight 
periods of peak demand, photovoltaics cost only four to five times as 
much as conventional power plants plus distrioution ^stems. More- 
over, the costs of conventional power plants have shat st;eadily up- 
ward in recent years whiler the costs of photovoltaic cells Kave rapidly 
/declined, , and several new\ approaches are being pursued in an ^effort 
'to further diminish the costs of photovoltaic arrays. For exam'plfe, 
focusing collectors that use inexpensive lenses or mirrors to gather 
sunlight from a broad area and concentrate iT on the cells are. being 
employed. The Winston collector can obtain an eight-to-one concen- 
tration ratio without tracking . the sun; ''tracking]^ collectors can 
obtain much higher multiples, but at far greater expense." 

Ariother approacl|[^to cutting the costs of photovoltaic cells has been 
to use less efficient but much cheapejjr'materials than those- -usually 
used; amorphous silicon and combinations of cadmium sulfide and 
copper sulfide are strpng candidates, Although the required coU^ctor 
area is fhiis increased, to t^ costs may be less. Conversely^ripther 
approach has been to hnprfln/^the processing of high-grade materials^ 
for photovoltaic cdls. Currently* each dell, is handcrafted by artisans 
whc^ u^e techniques not unlik?^ thpse employed in. a Swi^s watch fac- 
tQlcy. Simple ^mechanization of thjs, process could leiad to large sav- 
ir^s. The costs of photovoltaic cells, which amounted to $200,000 
gpr peak kilowatt in 1959, have already fallen to about $13,000 per 
peak kilowatt and most experts believe that prices will continue to 
Jallrapidly.^* , , 

Increased production is of paramount importance i^ lowering the 
prices of photovoltaics. In an 18-month period^of 1975-76, U.S. pur- 



chases, of photovoltaic cells for earth-bound purposes doubled and 
the jiverage price per cell dropped by about 50 percent. Price reduc- 
t^pris of from 10 to 30 percent for each doubling of output have been 

■ <6mmdh in the el^^^^ industries, and photovoltaic 

; |jlroductioh should prove no exception to t 

^ Tlie objective oif the Low-Cost Silicon Array Project of the U.S. Ener- 
W Research and Developmerit Adrainistrabiop is to produce, photo- ' 

Woltaics for less than $500 per peak, kilowatt, and to produ|te more 
fliah' 500 megawatts aniiually by 1985. This program, ^ntracted 

: through the California Institute of Technology, involves a la?ge 
number of miajor corjx)rations. A general consensus appears to 
be . developing among the participants that the goals arej readable 
and may even be far too modest; Under the adspices oLtHe govern- 
ment's "Project Sunshine," Japctn hais undertaken a similar research 
effort" ■ \ \ 

Froirt ,a "net energy'' perspective/ photpvoltaics ata^ppealing. De- 
tailed studies of the energy heed^ to manCifacture such cells shows 
that the energy debt can be paid in less than .two years of operation. 
With more energy-efficient production processes,"* the energy payback 
period could, theoretically, be reduced to\a matter of weeks. If. the 

"energy some cells produce is fed back to -produce more cells, photo- 
voltaics can become true -energy "breeders"— making more and more 
energy available each year without consuming anV noryrenewable re- 
sources; In fact,. Malcolm SJesser and Ian HounHh h^ve calculated, 

"^an initial one-megawatt investment in photovoltaic cells witb^ two- " 
year payback period could nniltiply in 40 years to provide 90 j^ercent 
of Jthe world's energy ne^ds. These calculations may be a bit op ti- 
mistici arid the werld does not want or need "to consume 90 percent 
of its energy in the iorm of electricity; but phbtovolt&ics, l,ike other 
solar technologies, hold up yvell under net-energy analysis.^* 

■ * . ' ■* 

A variety of options^ are available to prodyiise electricity directly from 
the sun" Several of the approaches sketched here—all of which have 

^ been technically demonstrated— are ^now economically, cpmpetitivp 

'with fossil-fueled plants under some conditions. Prices can be reason- 
ably expected to tall dramatically as mdre iexperience is gained. AU 



though solar ^ectricity will probably never be really cheap, it is 
• doubtless worth paying some economic premium for a source of elec- 
tricity that is safe, dependable, renewable, non-polluting, and— in 
the case of phbtovoltaics— highly decentralized,*^ 



Catching the Wind 



The-air that envelopes the Earth functions as a 20-billton-cubic-kil- 
ometer storage battery for polar^ergy. Winds are generated by the 
unevenJieating of our spinhing^anet's land and water, plains and 
mduntams/eq^uatorial regions ana poles, Thj idea of harnesfemg this 
wind to serve, human needs * may . have first occurred to s<)lneone 
watching a leaf skitter across a pond. Five thousand years ago", the ^ 
Egyptians were already sailing barges along th^ Nile, Wind-powered ' 
vessels of one sort or another dominated shipping until, tire Nine- 
teenth century, when ships driven by fossil tuels gradually eased 
, thein out' A few large cargo schooners ;plie<r the waters off the U.S, 
Atlantic Coast until the 1930s, and the largest windjammers were the 
greatest wind machines the world has known.** 

The windmill appears to have originated in Persia Jtwo millenia ago,. 
• There, vertical shaft devices that turned like- merry-go-roOnds were 
used to grind grain\and pump water. After the Arab conquest of 
Persia, wind power spread with Islam throughout the Middle East and 
ta the ^uthern Mediterranean lands. Invading .Mongols carried the 
windmill back to China, Returning crusaders likewise a^tfear to have 
transferred the technology to Europe— though the ti]t (if degrees to 
the horizontal) 'bf the axes of early European mills have led some - 
scientists to believe that the device may have been inventec^ inde- 

Eendently by a European, Eventually*, horizontal-axis windmills with „ 
lades that turned like ferris whftels were developed, and they spread 
throughout Europe,P' 

*By the.i7th century, the Dutch had a commanding lead in wind tech- 
nology and were already using wind power to saw wood and make 
paper. In the late .19th century the mantle of leaders|ii:p passed to the v. 



"Il is doubtless wprlh paying some 
^ economic premium for a source of 

electricity lhal is safe< dependable! 
renewable! and non-polluting." 



Pines# who had^ about 100,000 windmills in operation by 1900. Un- 
'^der- the leadership of Poul la Cour, Denmark began making signifi- 
^cfcnl WveslmenlflfTO wind-g^ ^ectricity and by 1916 was oper- 

ating more thaal>300 wind generators. 

• The windmill played an important role in American history, especially 
in the Great Plains, where it Was used to pump water. More than six 
million windmills were built in the United States over the last cen- 
tury; aboiit 150,000 still spin productively. Prior to the large-scale 
federar commitment to rural electrification in the 1930s and 1940s, 
windmills supplied .much' o£ rural America with its^nly source of 

• electricity. .\ - 

After^iVVoTld War I, chejp hydropower and dependable fossil fuels 
liAf^li^iced wind powet plants. However,. research in many parts of 
tlVe^ world continued, and. many interesting windmill prototypes were 
constructed. In 1931, the Soviet Union built the world's first large 
wind generator near Yalta, Overlooking the Black S^a, thi?100-kilo- 
' watt turbine produced abput 280,000 kilowatt-hours of electricity 

{Ver year. In the 1950s, Great Britain built tvyo 100-)cilowatt turbines, 
ft 1957, Denmark built a 200-kilowatt turbine, and France consUuct- 
ed an 800-kilowatt wind generator. In 1963, a 1,000-kilowatt* wind- 
turbine was built in France, 

The largest wind generator ever built was the, 1.250-kilowatt^rand- 
pa's. Knob machine designed by Palmer .Putnam and erecte^ on a 
mountain top in central Vermont, It began generating electricfty on 
.August 29, 1941f just -two years after its conception. However, the 
manufacturer had been forced to cut corrtersMn his Jiaste fo finish 
construction before the icy hand, of warrtime rationing closed upon 
the projbclt and the*" eight- Ion propeller blades developed stress ci-acks 
around their rivet hojfes. Although the cracking was noticed Nearly, 
the blades could not be replaced because of materials shortages. Fi- 
nally, a blade split, spun 75(0 feet in the ait, and brought thi experi- 
ment to a crashing conclusion. The private manufacturer had investr 
ed more than one million doUarsMn the project and could afford to risk'^ 
ho more.*® _ ► * * \ ' 



Despite the enthusiasm of occasional wind-power chaitipions in the 
federal government, no mcfte major, wind generators were Constructed 
in the United States until 1975. Tben, NASA began operating a 100- 
kilowatt prototype near Sandusky, Ohio, that resembles a huge heli- 
copter mountea sideways atop a transmission tower. The next major 
Step in the American program will be a 1,500-kilowatt wind turbine 
to pe built jointly^By General Electric and United Technolbgy"Cdrpo- 
ratioirby 1978. / 

Before the GE-UTC. turbine begins operating, however, it may have 
slipped intcXsecond place in the size sweepstakes. Tvind, a Danish 
college, has nea/ly Completed a .2,000-kilowatt wind Surbine, at a cost 
of only $350,000. (Doubtless the most important factor in holding 
down expenses for the Tvind generator is that the college staff paid 
for the; project out of their own pockets. If 'successful, Tvind will 
hearten those who hope that major technical accomplishments can 
still be achieved without reliance on central governments or big busi- 

The Tvind wind machine, like virtually all large wind turbines today, 
will have only two blades. While more blades provic|? morertorque 
in low-speed winds (making multiple blades particularly useful for 
purposes sucKTas small-scale water pumping), fewer blades* capture 
more'energy for tjieir cpst in faster v^inds . A two-blade propellet can 
extract most of the available energy from a large vertical area without 
fillittg the area with metal that couTd crack or split in a storm. 

Since power production increases with the square ofjy turbine's size; 
Urge ^wind machines produce far more energy than do smalL ones. 
Moreover, Avind power increaises as the cube or velocity, so a 10-meter- 
)>er-itecoiid wind produces eight tinpes as- much power as a S-meter-r 

Ser-se<rond breeze does. Consequently, some wind power enthusiasts 
mit their dr.eams to^huge turbines on very windy sifes. In particular, a 
recent survey of large U.S". corporations conducting wind power re-, 
search disclosed that only one company hadi'any interest in small or 
intermediate sized turbines." : 



However, the*"think big" approach does not necessarily make sense.. 
The crucial Question for windmills is how much -energy 1s^ harnessed 
per dollar oi investment. Increases in output are . desirable only if 3I 

the value of the additional energy extracted exceeds the extra cost, 

an4 economic optimization does not necessarily lead to the construe- 
tioh of giant turbines. Smaller windmills might lend themselves more 
easily to mass production and might be easier to locate close to the 
^ end-user (thus reducing transmission costs). Small windmills can 
produce-power in much loWer winds than large ones do and can thus 

• operate more over a giyen time* Smallet-scale equipment also allows a 
greater decentralization of ownership and control and the conse- 
quences of equipment failure are not likely to be catastrophic. Finally, 
wind turbine development >vill probably be constrained by practical 
limits on prdpelfer size. .Large turbines place great stresses on both 
the blade and tdweti and all gianf turbines built to date have suttered 
from meifl fatigue. ^ 

'dn a small scale, wind power can be cheaply harnessed to perform 
, many kinds of work.^The Valley of Lasithi on Crete uses ati esti- 
mated 10,000 windmills, which catch the wind in triangular bands ot 
white sail cloth, to pump irrFeation Water.* Similar windmills built of 
local materials have recently been erected in East 'Africa. The New . 
Alchemy Institute in Massachusetts, wdrking with the Indian Insti- 
tute of Agricultural ResearcN^and the Indian National Aeronautical 
Laboratory, has developed a ZS-^fobt sailwing purtp for rural use; 
emiiloying the wheel of a bullock cart as the hub and a bamboo frante 
£or the cbth sails, this simple m^ine could provide cheap power to 
Indian villages. The Brace Research^ Institute in Canada has designed 
" a Savdnius water pUmp that can be. constructed from two 45-gallon 
oil bruins cut in half. Already ysed ^n the Caribbean, the device costs . 
about $50 to make and will operate at wind speeds as low as 8 mph. 

♦ Triiditionally, wind has been used primarily to pump Avater and to 
grind grain. Windtnills can also produce heat that can be stored and, 
used later in space h^pa ting, crop A-ying. or manufacturing processes. 

-A particularly attractive new approach is to compress air with wind 
turbines. Pressurized air can be stored much more easily than elec- 
tricity, a fact to which j^irtually every gasoline station, in the United 



States attests; Stored ^fir can either be Used as needed to directly^ power 
mechanical ^uipment or released through a turbine tp generate elec- 
tricity. On a large scale, pressur4zed air can be stored in underground 
caverns. 

The modern' wind enthusiast can choose from many options; multi- 
ple-bladF propellers, triple-blade jJrop^, double-blade props, single- 
blade versions with counterweights; sailwings, cross-wind paddles,, 
and gyroijuNs. In some wind turbine^, the propeller is upwind from 
the platform, vyhile in others it is located downwind. Some. platforms 
support \ingle' large turbines; others support many small ones. A 
"'machine with two sets of blades turning in opposite directions is 
. being tested in West Germany.** 

One of the most interesting multiple-blade devices for small and 
moderate sized generators is under development at Oklahoma State 
S-University. This mill resembles a huge bicycle tire, with flat aluminum 
blades radiating from the hub like so many spokes. Instead, of 

fearing the generator to the hub of the windmill, the Oklahoma 
tate machine operates on the principle of the spjtining wheel: the 
generator is connected to a belt that encircles the raster-moving outer 
rim. . 

The Darrieus wind generator, favored by the National Research 
Council of Canada and 'by Sandia Laboratories^ in New Mexico, looks 
like an upside-do wn eg g beater, and turns around its vertical axis like 
1 ai ipinhiog coin. The Darrieus holds several ^trt^ijig, advantages over 
honzbntal axis turbines: it will rotate regardless ^'of wind direction; 
it does not require blade adjustments for different wirid* speeds; and it 
can operate without an expensive tower to provide rotor clearance"* 
from the ground. Aerodynamically efficient and light-weight, the 
Darrieus might cost as little as onersixth as mudi as a horizontal- 
sh^ft windmill of the same capacity. In early 1977,.a 2P0-kilo)yatt 
Gahadiaii DaVrieus wind turbine began feeding electricity into "the J 
24,000-lcilowalt power grid that serves the MagdalenSs}ands in the 
Gulf bf Sfr Lawrence, urthis machine lives up to its economic ppten- 
ti^l, other Darrieus turbines will be installed.** 



' Intriguing new approaches to wind power may well be gestatiryg. 
Uttile money or ettort has been put ihto wind turbine research ovef 
t|he kst two decades, although aeronautical engineering has made 
^npnnpus strides oyer the same period. With interest in wind ma- 
chines gathering force, new approaches (rould feoon emerge. Fbt ex- 
•mplt, a "confined vortex" generator being developed by James Yen 
ittttf wind through a circular tovyer/ 'creating a small tornado-like 

^tffiBCtr this generator utilizes the difference in pressure between the 
c«ntcr of the swirkng wind jind the outside air to drive a turbine." 
targe aynoants or de€tric1tV"'<^^ theoretically, be generated by 
relatively small turbines of :this type.. Th^.U.S. Energy Research and 
Development Administration iecfently Awarded Dr. Yjen $200,000 to 
develop this idea further. However, the viability of wind power does 
not depend upon scientific breakthroughs; existing wind technolo- 
gies can cbmpete on their own terms tor a substantial share. of the 
world's future energy budgcit. v * * ^ ^ 

Estimating the 'probable cbst of wind power is a somewhat specula- 
tive undertaking. The cost of generating electricity with the wind 
can be m^asurea in two different ways— oependihg upon whether the 
system provides "base^d" power or only supplementary ix)wer. If 
wind generators feed power directly into aigrid when the wind blows, 
arid if other generating facilities have to be constructed to handle 
peak loads when the wind isn't blowing, the average M<ts of building 
and maintaining such windmills must compete Muth nwrely the costpf 
foel for the altprriative power plant. ObvidSsly, this calculation 
hinges not only on how much a windmill costi to Construct, but also 
on, now long it lasts and how reliably it function?. Conclusions are 
premature until experience has been gained, but many stu(|ie^ have 
suggested that intermittent electricity could be generated today from 
the wifid for considerably less than the cost of providing fuel for an 
existing oil-fired unit. Moreover, wind power costs could diminish 
significantly as more experience is acquired/while oil costs will cer- 
tainly rise/* . . 

If wind is to be used to provide'constant, reliable power, then t\ie costs 
of building a. wind generator plus-a storage facility must not exceed 
the fotal cost (including the 'eriVironmental ; cost) of building and 



operating a conv^tiohal power Hplant. Used in conjuncti6n with a 
hydrCHelec'tric facility with reserve capacity, wind turbirfes should 
already have a substantial cost advantage over conventional power 
plants. For other storage set-up$, cost calculations remain unsub- . 
; :otafltiated, but studies of analogous technologies suggest, that such 
il)ise-)6ad wind systems will be economically sound. When social ajnd 
'^environmental costs are included, the case becomes even stironger. 
iAccordingly; such systems should now be built and operated so that' 
v^,. these calcufaUons'can.bfc proven. 

' .. - ' • ( 

The. rate and extent to which wind power: is put to work is muth 
\ tnore likely to be a function 6f political considerations than of tech- 
nical or econoinic limits. The World Meteorological OrganizJ^on 'has 
» estimated that 20 million megawatts of wind power can be commer- 
cially tapped at the choicest sites around the worlds n6t including 
the possible contributions from large dusters of windmills at sea.^^ 
By comparisoi^ the current total world electrical generating^ capacity^ 
is about one*-and-one-half million megawatts. Even 'allowing for* the>t 
intermittent nature' of the res6urce,. wind availability will not limit ^ 
: wind power development. Long before a large fracti^wv of the wind's 

Eower is rcfaped, capital constraints^ and social obje^^ions will impose 
mits on the growth of wind power. v " 

: Wiell-designed, well-place^ wiifd turbines will achieve a high net en- 
.^rgy. output with an exceptionally mild environmental and climatic 
r impact: wind machines' produce no pollution, no hazardous^ materi- 
als, and little noise. In fact; the principal environmental consequences 
.of . wind [tower will l^e the comparatively modest ones associated with 
/niinine and refining the metals needed for .wind turbine construction 
K^iVL effects associated with virtually eyefy energy source. Windmills 
will have* to be kept out of the migratory flyways of bird?, but these , 
rout^ are well-known and can be easily avoided. Where aesthetic ^ 
.AobjecHonS to' the .use of wind technology arise, windmills could be 
located 9Ut of the visual range of populated areas, even a few miles 
out to sea:^ Moreover, some wind d[nachines/such as the Darrjeus, 
strike iQahy as ^handsome. All things considered, a «cleaner, saf^er,. 
less^disruptive source oiF energy if har^ " 



. ,. ^^^^^^^^^^^^^^^^^^^^^ 
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"Tht ratt and extent to which wind 
power it put to work it mClch more 
likely to be a«f unction of political 
contlaerationt than of technical or 
economic limitt." 
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I F^UinsWater 

Numerous surveys of the wprld's water-power resources suggest that 
a potential of about three million *rtegawatts exists, of which about 

H ,one-lenth is now developed. The figure is unrealtstic, however, since 
reaclting the three-million-meaawatt potential would require fbodmg 
fertile agricultural bottomlands and rich natural ecosystems. On the^ 
Other hand, none of the surveys include the world's vast assortment 
of small hydro-electric sites. By even the most tonserVative stand- 

. ardi, potential hydropower developments definitely exceed one mil- 
lion megawatts, while current world hydro-electric capacity is only 

~ 340 thousand megawatts. 

Industrialized regions contain about 30*percent of the world's hydro- 
* electric potential as measured by conventional criteria but produce 
about 80 /percent of all its hydro-electricity. North Anrterica produces 
about one-third, Europe just a little less, and the Soviet Union about 
one-teivth. Japan, with only 1 percent of the worjd's potential, pro- 
duces ?over 6 percent of global hydro-electricity. In contrast, Africa is 
Vblcsscd wth 22 percent of all hydro-electric potential, but produces 
* only 2 percent ot all hydro-electricity— half of which comes frdm the 
Aswan High Dam in Egypt, the Akosombo Dam in Ghana, and the 
Kariba Dam on the Zambesi River between Zambia and Rhodtsia 
Asia (excluding Japan and the USSR) has 27 percent of the potential 
resources, and currently generates about 12 percent of the world s 
" hydro-electricity; most of its potential lies in the streams that dram 
the Tibetan Plateau, at sites far from existing energy markets. Latin 
' America; with about 20 percent of the worW's total water- poiver re- 
sources, contributes about 6 percent of the current world output. 
Nine of the world's 15 most powerful rivers are in Asia, three'are in 
, South America', two are in North America, and one is in^frica.*' 

The a^iount of^hydropbwer Available in a body of moving water is 
deteminS! by the volume of viatfer and by the distance the water falls. 
A small amount of water dropping from a great height can produce 
as mudh power as a large amount of water falling a shorter distance. 
The Amazon carries five times as much water, to tt^e sea as^xicfes the 
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world't second largest river, the Congo; but because of the more 
^favorable topography of its basin« the Congo has more hydroelectric 
poltntial. In mountainous headwater areas, such as Nepal/ where 
rclatively'^'^tfmall volumes of "water fall great distances, numerous 
choice site/ exist for stations of up to 100 megawatts each.^ 

Used l>y the Romans to grind grain, water wheels reached theic high- 
est prc-elec^ric form* in the mid-1700s witV the development of the 
« turbine whM. The Versailles waterworks produced about 56 kilo- 
watts 'of mechanical Dower in the 18th century. In 1882, the first 
small hydro-electric facility began producing 125 jkilowatts of elec- 
tricity in Appleton,. Wisconsin; and, by 1925, hydropowbr accounted 
for 40 percent of the world's electnc power. Although hydro-electric 
capacity has- since grown 15-foKL it^hare of tlj^e world's electricity 
market has fallen to about 23 percent. ^ 

Early hydro-electric development tended to involve small facilities in- 
mouniamcfus regions. In the 1930s, emphasis shifted to major dams 
and reservoirs in the middle and lower sections of rivers, such as t^e 
Tennessee Valley dams in the United States and the Volga River dams 
in the Soviet Union. TKe world now has 64 hydroplants \^tjth capaci- 
iies of 1,000 megawatts or more each: the Soviet Union has 16, the 
United States has 12, Canada has 11 (the U.S. and Canada share 
anoth||r), iind Brazil has 10. . . - ' * , ^ 

The environmental and social problems associated with* huge dams 
and reservoirs far outweigh those surrounding smatUscaU installa- 
tions or projects that use river diversion techniques. Moreover, the 
increments by whi^ small facilities boost a -region's power • supply 
are manageable, in contrast, a tripling or quadrupling of a power 
supply in one fell sivoop by a giant dam can lead to a desperate, 
search for energy-intei|sive industries to^ purchase surplus power, 
dranvitically upsetting the politics and culture of an area. " . 

Muth of the extensive hydro-electric development in Japan, Switzer- 
land^ and Sweden has ^entailed yttse of comparatively small facilities, 
and such* smarll units hold continuing promise for developing coun- 
tries^. In late 1973, China reportedly had 60,00Q small facilities that 



lOMthtr gtneraled over two million kilowattSj^a^put 20 percent/of 
Chlna't total hydro-electric capacity. The Chinese facilities are located 
In fpArstly populated areas to which sending electricity ffom huge 
Ctnftraliita raciUtiet would involve prohibitive, transmission costs. 
Lo^h^ivf^ktrs build the small earth-filled or rock-filled dams that 
' pfoVidt subilahtiaji flood control and Irrigatjon benefits as they bring 
povitr to the people," 

l^tVerthtlcss, building jenormoys facilities (o capture as much power 
at possible while taking adva^ifage of the economies of large scale 
Is tempUrig. Although tnis approach has been used extensively and * 
rather suctessfutly in temperate zones, many of 'the remair\ing « 
prime locations are in fhe tropics, where troubles may arise. The 
Congo/ for example, with a flow of 40,000 cubic meters per second 
and a drop of nearly 300 meters in the final 2fiO kilometers of its « 
Jbumey to the ocean/^ has an underdeveloped hydro-electric potential 
of 30,000 megavyatts. But experience in other warm areas indicates 
that great care must be taken in exploiting such resoufrces. ^ 

The Aswan High Dam provides a textbook case of the problems that 
can encumber a major nydro-electric development in th* tropics. 56 
troul^le-ridden is Aswan that its costs largely^ offset its benefits. Al- 
though Aswan is a source of electricity, or flood and drought control 
and of irrigation, the dam's users and uses sometimes, conflict. For 
example, Aswan provides more than SO percent of Egypt's 'electrical 
power, but its , production is highly seasonal; during winter months, 
*the flow of water through the dam i$ sev^erely diminished while irriga- 
tioo canals are cleaned. This reduced flow causes power. generation to 
drop from a designed capacity of 2,000 megapvyatts to a mere 700 
incmiyatts;- Furthermore, lack of money for an extensive transmission ^ 
kria has meant that electricity does not reach ipany of the rural vil- ' 
uges that had hoped to benefit from the pfcjec^. 

Aswan saved Egypt's rice and iotton crops during the droughts in . 
northeastern Africa in 1972 ahcn973. Irrigation has increased food 
pBoduction by bringing appro:5imately 750,000 formerly barren acres 
under cultivation^ and by allowing farmers to plant multiple crops 
on a million acres that had previously been harvested orJy once .a , 
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year. These timely boosts have enabled Egypt's iood production 1o^ 
Keep p*c%» though just barely, with its rapidly growing population. 
)3 ^ thcLOlher *hand, the dam nas halted the natural flow of nutirieht^ 
rich siltrjeaving downstream farmers to rely increasingly upon en- 
crgy-inttnsive cnemical fertilizers; and the newly irrigated areas are 
10 plagued by waterlogging and mounting soil salinity that a $30* 
miiUon drainage program is now needed. In addition, the canals in 
tome areas rapidly clog with fas|-growing winter hyacinths. 

The Aswan has also given a new lease to an age-Old health hazard 
-:: in Egypt. 6chi9t6somiasis> a disease caused by parasitic worms car- 
ried py water snails, has long been endemic in the Nile delta where 
most of Egypt's population is concentrated, but in the past it was 
rarely found in upstream areas. Since the construction of the large 
dami infestations of this chronic and debilitating afHiction are also 
* comn)on along the Nile and its irrigation capillaries in Upper Egypt. 
Many of the major problems associated with Aswan snould nave 
been anticipated 'and avoided. Ev^n now. Asvyan's ' worst problems 
probably can be either solved or managed. But aft^r-the-fact remedies 
will be costlier and less effective than a modest preventative' effort 
would have been. 

^ The inevitable siltation of reservoirs does more to spoil the use. of 
da'ms as renewable energy sources than does any other problem. Silta- 
tion is a complex phenomenon that hinges upon several factors, one 
- of which is the size of th^ reservoir. For example, the Tarbela Res- 
ervoir in Pakistan holds "only , about one-seventh the annual flow of 
the Indus, while Lake Mead on the Colorado can retain two years' 
flow. The life expectancy of the Tarbela is measurable in decades; 
Lake Mead, will last for centtjries. . The' rate of natural erosion, an- 
other factor in siltation, is determined^primdrily by the local terrain. 
Some large 'darns in stable tef rains have a . life expectancy of thou- 
sands of years; others have been known to lose virtually their entire 
storage capacity during one bad storm. Logging and farming can 
greatly accelerate natural erosion too; many reservoirs will fill with 
silt during one^fourth- fheir expected life spans because these and 
other human activities ruin their watersheds. ' ;^ 
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^ . "The greatest potential for future 

. ... f ; r ■ hydroppwer development lies in 

i^'!; * I'' those lands that ai^e currently most 

y ■ fl starved for energy." 



"Siltation/ which . affects the dam V storage capacity but not its power 
generating capacity/can be minimized. Water can be sluiced periodi- 
cally through gates in the dam, carrying with it some of thVaccumu- ' 

;1ated silt. Resefvqirs can be:dredged/.though at astronomical costs. By 
far the most effective techiiidue for handling siltation is lowering 
irate of upstreaftn erosionr/through reforestation projects art^ en-; 
lightened land;i^S^> : . ^ \ / ]^ 

- Dams; cannot * be evaluated apart from their interaction with many 
other natural and artificial systems. They are just one^ component, 
albeit a vital one, of river basin management. Locks will have to be 

"provided on navigable rivers, and fish ladders (one of the earliest vic- 

■ tbries of environmentalists) must be installed where dams block the 
spawning routes of anadromous fish. If a dam is located in ^a dry 
area power generation must be coordinated with downstream irnga- 

. tioa'needs. It a populated basin is to be flooded, the many needs pf 
displaced people as well as the loss, of fertile bottomland must be . 
taken into account. Unpopulated basins are politically easier ta dam, 
but in unsettled* areas care must nevertheless be taken.^.to. preserve 
unique ecosystems ar>d other irreplaceable resources, 

Dams are vulnerable to natural forced, human error, afnd acts of war, 
The^ l976 collapses of 'the Bolan Dam in Pakistan, the Teton Dam in 
Idaho, arid a large earthen, dam outside La Paz on Mexico's Baja- 
Peninsula serve as emphatic reminders of the need for careful geologi- 
cal studies and the highest standards of construction, 

>• 

Dams recommend.themselves over most other ;energy sources. They 
provide many benefits unconnected to power production; they are 
clean: and their use does not entail the storage problems that plague 
so many other renewable sources. Indeed, using dams as storage^ 
vmechanisms may be the most effective way to fill in the gaps left by 
solar and wind power. In addition, \the .corjHfersion of water ppwer 
into electrical power is highly efficient-85 percent or more, . Finally, 
dams can- be instruments of economic eqyity; the greatest potential 
for future hydropovver development lies in those lands that are cur- 
rently most starvedfor energy, V: - ^ * 




|f^i,>Greeii plants began cdllfecHng andf storing sunshiiife mbre than two, 
|jj^t ;biIhon years ago. They photosvrithesize an estimated one-tenth of . 
jfe''*?^^^'?^"* of all solar energy that strikes the earth, Somevyhat more: 
this fraction is spent on plant metabolism; the femaihckr 
Stor^ and can be put to vyorjk by hunian beingsT 

'^i^f^fA^ fuels were once 'biomass, and the prospect of '^ramaticajly 

#i^ :- shora tirne geological .forces take to conyert vegetation into • 

find coal (roughly a third of a billiorv .^^pars) now intrigues 
r XRS^ thoughtful persons; Dry» cellulose has anr' average energy con- , 
tent of about four kilocalories per grairt— 60 percent as much as bitu-"' 
; the hydrocarbons produced fcy certain plants cdn- 

V; tain more energy than coahdoes, Biomass can be transformed directly 
r,;;^ ^ into substitutes tbr some of dur most rapidly vanishing fuels. 

Because green riants can be grown aljnost everywhere, they are not 
; very susceptible to international political pressures. Unlike fossil 
. fuds^^ bb^ renewable. In addition, biomass 

. opeFatlon^ involve few of the ^vironmentar drawbacks "associated 
r : * :wilh tbe larg^i-scale use of coal 4ittd^'6^^^^ " ' .% 

' . [ .Z^- ■^'■'''■'■^'■^.^'^^ 

; The ultimajte magnitude of. this energjy "resource has not been estab- ^ 
■ lished.' Measuring the earth's* total phot^^yhthetic capacity poses ' - 
7. difficulties, and estimates vary *consiaeratly. iMost experts peg the 

-energy content of all annual bioaiass^ production at between 15 ^nd ^ 
J, o 20 tirites the aritouht humans currently get from commercial energy 
f purees, although other estimates range from'lO to 40 times." Using 

.^all the vegetation that grows on Earth annually as fuel is unthink- ^. 
. ' abler But' the energy that could rea^pniiWy be. harvested from organic ;V 
^. soufces each year probably exceeds l;he energy content of all the fossil f 
.fuels currently consun^pd ann^ * - 1 • ' r 



Tr>vo'. important caveats mustVbe attached to this statement. The first * 
Salification concerns cotvvfersion efficiency. Much of the energy a 
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Y''"^?*"? coal^ intjb . syifiySefic oil /aft^f g^§< . ThVsecond ca tcT^ is gepgraphi- 
1^^^; calr^^A^^ arejls:>yiltw are wet eauatori^l 

^/^i ^reg^onsf7<i use is highest toaay..Tfre 

f bjia|9|5iC4l States, calculated liberal- 



biomass^'wip b^^i^ cc\hversioi^ usi 

0'-, These.fosse$i^ hbvyey<i; neejl;^^^ thosertnyoly 



J#>^u^tbrial nl^q^^^ Secure the capital an^ to- 

(ieveiop the.techpoiJojgV^eeded'td iisfe their poti^n^lial plartt power.*^ 

iiA'- •-. V •■ ■ . ^^v^;^^- " : . ■ ^ . ; i-r ^ ■ ' ■ 

^ . Organic fuels ralljnto two'brosW categpries:-. waste* frqi^i jion-energy 
■v?j . pirjfy:esses >i(sucK*:"ils food and . piper* producti9n>^^iid- 'cx^R$ 

explicitly ^f or' thel^' energy value. Since waste diSposa't iSyfirfaVdi^ple! 
. and 43ften cbstly;' converting waste vinto fuels— me first option— is a 
-t^j. Sensible alternaiw/e to using valuable land for garbage diimps. How- 
/^VveVer, :^e task bf^tWasfe couection anJldisposal usually falls to those 
. .wha^^Jihg to ih'e boftcMn nijngs of jhe etlTnomic*and sodal ladder and, 
' ' until recently, wa^te^eldtiiji iattrafcted either the-^itttereist of the. vveU- 
v-f educated or the inve$tmfeht*dollars of the. well-heeled. But chan^ is 
j. afoot, partly because s6l|d waste is no.w often viewed as a .source of 
y'\ ab^jidani.high-g;ade fuef^hat is clo^ , 

* - tW wais^tes^easi^t^^oljtap for fuelf^i(t\a.j^^^^thos|? that xome from fijod^ 
production./ BagafS^i^r the residue , ftor^i ' j?Ugar Cani^^^^ . 
used as fu«l in moft cane-growing' regions. Corn /stalks and, spoiled^ 
grain are being eyed as potential sources of energy in the American 
' Midwest. And India's brightest hope for bringing commercial energy 
to most of its 600,000. villages is pinned to a device that produces,^ 
methane from excrement and tnat leaves fertilizer as a residue. 
" • . _■'/.. 

Agricultural residues— the inedible, unharvested portions of food 
ctopST- represent the largest potential source 6 f energy from .waste. 
, But-anp^t'-]^lant* rftiidues are sparsely .distributed? and fome, cannot b*e 
* spa¥^*rth^fy fr^^ feed! livestoc^> .retard^^^^ 

the sdili Y^t, wisely used, field fesidtaes can ^u^q tjtxi^y^^^ } 
■ '. . animal fodder,, and serve as a fuel Source. * ; ' J.^ r . ■ V> . T 



f Agricultural eneigy demands are highly* seasonal a^^d usage p^aks do , 
i^f^^^^^ the periods . during which residue-derived - 

energy is mostf pUptiful. In agricultural systems still Urgdy depeh- 
^ dent upon draft animals/ this problem is minimized: silage and hay ^ ^ 
J: - ; -can easily he stored ui^il needed. On mechanized farms,. energ^T.stor- 
y • ^ ' V " 

. Animal excrement is another potentially valuable source of energy, 
r , 'Miich undigested energy remains bound in animal excrement: and , 

■■. cattle feedlots/chicken coops, and pig sties could easily become ener- 
^ ffy farms. Indeed, animal aung has been burned in ^ome parts of the 
> • world for cfenturies; in the United States, buffalo chips once provided 

cooking fuel to frontiersmen on 'the treeless Great Plains, In India / 
/ today, about 68 million torts of dry cow dung.are burned as fueleach ' ^ 
ye^^^ ruril areas, althoMgh more than 90 perceiw of theiv j 

pbten^^^ all the fiiitrients in- excrement are los't in 

j^vunefflcient burning." Far more work could b^ obtained from dung if ^ . 
" ' it wete first idiges'ted to- prbduce methane gas; mioreover, all the.jnutri- 
ints originally in the dung^could thetn be returned to the spil-as-^fer- 
tiiizer.^ . ' ' . 

.-: ^ \ . - . ■ 

. In May 1976, ^Calorific Recpvery Anaerobic Process Inc, (GRAP), * 
^ of Oklahoipa City received Federal Pow^r Confttriission* authorization,. , . 
to'^provtde tlie Natural- Gas Pipeline Comparty Afiniially with 8^<J. 
: million dibic^f^e^ ofrrtiethane derived from feedl^t waste?. Other si^h . > 





long as possible and then to fat|en them up,^a thousand at a time, on 
farms in the midwestern grain-belt. Cow dung could power the f^rm 
anH provide surplus methane, and tfie residue could be used as ferti- 
lizer. In addition, meth&ne generation- has been-found to be economi- 
cally attractive in mo^ dairi6s~-an impprtant point since more than 
h^rU of all U.S, :Cb>vs are used fot milk proclUc ' . 




homical. However; deveioping'ja fei^'ithat is totally energy self-suffi- 
dent may requfire a bro^def goat'[than maximiz^n shorf-term food 




separate, a large new energy source would bfe- 



The residues of the lumber and paper iTidus'tr^Vs also cqntain usable 
energy. A isitudy cdnducted for the Ford Foundation's Energy Policy 
Project fouhd itnat if the U.S. paper industry were to adopt the most 
en^fgy-efficient technologies- now available and were to use its wood 
wastes as fuel/ fossil fuel consumption could be reduced by -a stag- 




^ vr 



\^astes of its hu'gfe' fofe^jt-'produtt^in 

r::. ■■■ . ■ .-. ■•' v. '^V^^' V 'Vi'' ■■'■'■'■■■^ -r-. 

Eventually; mp&t pap^r beeonnes urban otrish; iildeaJl^^^^m^^ it 
should instead be. recycled-^a process that wpulJ save tre^, Energy, 
and money. But unrecypled paper, along witli^rotteh veget'atJeS- cot- 
ton rags/and othef organic garbage, contains energy that can'Be eco-. 
nqmically - recaptured. Milan, Italy runs its trc^ys ancT. .electric 
buses partly on. power produced from trasfi. Baltimore^ Maryland 
-expects , to heat much of its. downtown business district soon ^ith 
• fuel ODtain^ed By distilling 1,000 tons of garbage a day. . 

. A streams, alone could, after conversiqn losses are sub- 

^ I . .ttacted, produce nearly five quads, per yeiar of ;netharie and "charoil" 
i v... current U.S.. energy budget Decentralized 



agrarian societies couy.^eri:Ve a far higher percehlagV of their coni- 
mercijal energy needs from agricultural, fefi^Sjjjfe^a^^^rban wastes* 



The second plant-energy option, the^l^ducUon of - 'energy crops, 
will probably be limited to marginal lands-, Vmce worldwide popula- 
•&Jn pressures are Jalready relentlessly, pushing |ood producers- 9 n-to 
lands ill-suited i6 conventional agi^culture. Yet, much potential 
energy cropland does exist in £reas whete food p^duction canndt be 
sustained. Some prime agricultural land xould also be employed dur- 
ing the* off-season to grow energy, c-rops. For example, winter rye 
(which has. little forage value) could be plarRed in the American 
Midwest after the fall corn harvest and harvested for tft\ergy in the 

spring before maize is sevyed. ' • ' . 

• * ,, • . * ■ ■• 1* . • . ■ . ' ' 

FictOT& other than land scarcity limit biomass growth. The unavail- 
ability of nutrients arid of an adequate water supply are two. Much 
marginal land is' -exceedingly dry, and lumber and paper industries 
wiU make large demands on areas Wet enough to support trees. The 
energy costs of irrigating arid lands can be enormous; reducing .the 
.,net energy oi^lput,dramatically^. , ^'V' - ' 

Yields from energy ^crops will reflect the Amount of sunlight, such 
crops receive, the acreage devoted to collecting energy, and the 'etfi- 
ciency with which sunlight is captured, stored, harvested, transport- 
ed and put to work. Ultimately' they vTiR also depend upon our^abili- 
' ty'to produce crops that do not sap the land's productivity and that 
can resist common diseases, pests, fire, and harsh weather. . 

The most familiar energy cropi of icpurs^. i§t %w(^ci: A .m^^ f'uel' 
tree^lia^ a high annual Vfeld when' densely planted, resprouts f.ron\ CUb: 
sturtips tcoppices),'thViv^s^ with oply short rotation periods, and is 
ceneraily hardy. Favored species for fuel treefl^ are eucalyptus, syca- 
more, and poplar-an intelligently planned \tee plantation would 
probably grow a mixture of species. 

Forests canopy about one/tenth of the planet s. isurface and* represent 
iabout half the earth's ^ciptured biomac^, enerfey.^' A century ago; 
thj^ United StJt^ obtained thr^e- fourths of i|sP^orfimercial energy 




"Forests canoR^ about one-fourth of the \. 
planet's surface and represent about h^lf 
the earth*s captured biomass energy." 



•* from wood. In the industrialized world today only a small number of 
^ ic rural poor and 4, haridful bi self-sty ed rustics reW upon fuel- V. 
- llSod; Hov^cr, the case is|mphatically different in the Third World. 45 
Thirty percent of India's efferey, and ?6 ^percent of Tanzania s comes 

' from wood.*«..In all, about half the trees cut .down around" the world 

" \are bu^:ncd to cook' food and td j . 

In many lands, ynfortunately, humans are propaga^ting faster than 
. trees; Although much attention has«been'paid to the poifulat.on-food 
SuaHon, scant notice has been given to the question of how he , 
Sowing numbers'^yiU- cook their Fbod *As_ desperate. people dekr the 
ind ofmature trees and saplings alike, landscapes become barren; 
^d, where watersheds are stripped, increasingly/ severe flooding oc- 
iSrs. In the parched wastelaifds of north central /Africa and the fragile 
mountain enviroriirtents of the Andes and the Himalayas, the worsen- 
ing shortage of firewood is today's most pressiri]^ energy crisis. 

^ Ai ^jfe- of parllif sbluti6ris iV^^^Ug^^sfea^^drjhV ''firewood' 
c/isis." In southern Saudi Arabia, somKtribes impose the same penal- 
ty for the unauthorized cutting of a tree\s for the taking of a human 
life China has embarked upon an aipbi^ous reforestation, pro&ram.v^. « 

. and many other ^2»'^^^^ 

vocate substituting fast-growing trees for/ native varieties as' a means 
of keeping up witTi demand." However, the vulnerability of fc^ests of 

... inetSlly similar .trees to diseases.^nd.^Jts .calls ^the application at 
tuch ak!cyitufal te'ifhriiqu^ ' * . 

Imprcivirig the efficiency ^with which/ wood is used would also help 
. .. alleviate tTie firewood shortage. In India, using firewood for cooking 
mS^picilly less than 9 percent ^efficient, ffie widespread use of- 

downclraft wood-butning stoves made of cast irop could, 5. B. Rdh- . 

ardson estimates, cut northern China's fuel .requirements for heating 

and cooking by half." Other efficient wood.burning devices can be . . 
•■ made by local labor , with local materials. . • 

/• ' Wood can be put to more sophisticied uses than cooking and space 
' Sng. It can fuel boilers to produce electricity,- industrial process , 
; stc'airi or-bbth. The siz?^of inany prospective tree-haTvesting operav 

47 vV - 



bons (^)out 800 tons per. day) is well' tailored to many industrial ener- 
8y„"^*M?- Decet\tralized co-genera tipn, using wood would also fit in 
weU with' current worldwide efforts to move major industries" away 
from Urban areas. In particular, the creation -of forest "plantations" 
to produce fuel for large power plknts at a cost compatable to thatLof 
coal has beer\ recommended." Howtfver, some researchers argue that 
^ the cost of transporting bulk biomass should lead us . to 3>ink in 
termsrof energy ' farms" of a few thausjind hectares or less.* 

Trees are not the only energy crops worth considering, A numfce/oT 
other land and water crops have their advocates 'among bioconv^ion 
spiecialists. Land plants with potential as energy sources iifclude 
sugarcane/ cassava (manioc), and sunflowers/ as well as s^tffe sor- 
ghums, kenaf, and fora&e grasses, Amon« ^he more ititsiafiu 
^^under^^^^^ lathm and tuvM^ ,U^^^^ 

fA/l"i L i^'P contains an emulsion of hydroc^orik in water, 
VVhilj othfer plants also produce hydrocarbons directly, those pro- 
duced by Euphorbia resemble the constituents in. petroleiJb^ Such 
plarits^ might Nobel laureate Me^jfl e^tinjiatt^-mto&ce the 

equivalent of 10 to 50 baTTeWi^milh}^5cU' p^i year at a cost>f $10 
T di^"^^ Moreover; £M^/ior6w thrives on dry,^ marginal 

Sever^' different crops could be cultivated simultaneously/ a report 
by thd Stanford Research^ Institute suggests, and side-by-side crop- 
ping could allow year-round harvesting' in many parts of the world. 
Such mixed cropping would also increase ecological: diversity^ mini.- 
mize soil depletion, and lower the v^lner^bility of erter«y crops to- 
natural and humarvtiil'eats,*^ • V . i,rr,.^ ■■ 
.;■ ■ ,\ .. .-^..^ • . ,v • 
>Ehthu^irf5Hc reports by NASA National Space Technology Tabora- 
. tdries;have focused attention on the energy potential in water hya- 
.cmths. Thought to have originated in Brazil, the fast-growing water 
hyacinth now thrives in^ more than 50'countries; it flourishes in- 
the Mississippi, Ganges, Zambezi, Copgo, and Mekong rivers, as 
i/Vl ,irrigatibn canals '^nd drainage ditches around the 
world. The government of Sudan is experimenring with the'anaerobic 
digestion of thousand^ of tons of hyacinths mechanically harvested- 



.w-/ die VVhite Nile. However, a recent Battelle Laboratory report dis- 
toiints' the p^ftehtial comm importance of waief hyacinths in*:tbe 
lUnitod States, in part because of their winter dormancy." 
t^-;--- ^ ■■-■■.::..■> ,. ■■■■^ 

Al^ potential fuel. Some common types this scummy, 

i>btivas^ have phenomenal growth rates. However, current 

^^^^^ •1^^ tecKniques require large inputs of energy, the use of which 
x^^Ipwers the net energy putpul bf algae farming. Although solar drying^ 
^' W^ energy' balance, erigineeriog breakjthrough? are 

meded berore impressive net energy yields can be obtained:, 

Qne of thie^ore fasdnating proposals for raisi^ energy jcrops calls .1 
fbr tne cultivation of giant seaweed in the ocean. As Dr. Howard 
Wilcox, manager of the Ocean Farm Project of the U.S. Naval Un^er- 
seaiC^nter in San Dfego', points out, "most of the earth's solar energy 
falls at sea.*because the oce*ans cover some 71 percent of the surface 

. area of the globe.'-: The. Qcjean Firm Project- an effort to cultivate 
gmnt California kelp to capture 5om&: bf this energy through ||photo^ 

-synthesis, presently covers 'a quarter-acre.^ But! jhe experimental 
operation will, Wilcox hopes, eventually be replaced by. an ocean 
farm 4^0 i^esvsqflare. Such a sea^ield could, theoretically, produce as " 
much' natutal^gas a^s the p;S, currently ^^r^sumes.'^^^ ' j ; . , . 

Biomass can be transformed into, useful fii^ls in mJIny ways, some of ^ 
^•^ which were dev«4oped by the Gerihans during the petroleum short- ; 
*ages of World War II: Although one- third to two-thirds of the energy 
in ijiomass is lost in mbft conversion professes, the converted fuels 
can be used, much mbre Efficiently than raw' Biomass. The -priwcipal 
technologies* nc3iw being explored are direct comlfustion, arWrobic 
digestion, pyrolysis, hydrolysis,- ^,hydrogasif4cation; ^nd hydrogena- • 

tion. ' . ^ . " , v, , ^ - 

i. ■ • ■..« . , ■ ,, ■ ■ - ^ 

In the industrialized world, organic energy is often recovered by 
burning urban ivefuse. To produce industrial process steam' or elec- 
.tricity or, both, several combustion technologies can be employed: 
: waterwall incinerators, sUggini> incinerators;: and incinerator » tur- > 
"■ bines. Biomass can also be mixed with fossil fuels in conventional 




f 

||^^ h^Mtbf w boilers can be used to burn' such diverse 

X^;sti6iitahces as lumber mill wastes, straw,* corn cobs, nutshells, ar\d 

^v¥^^ihte up menacingly in'muih of the urban worjd,^ crties 

ai: (pan af topjl to pay a p rem i u m 'tor ene rgy- ge ner a ti ng^ p rocesses tha t 
reduce ttie volume qf such waste. Urban trash lacks the consistency 



' of coal, but its low sulfur content makes it |h attractive energy 
; soMrce enviroi^ leid set by Paris and Copen-' 

50 years ago, several cities now mix garbage with other kinds 
pi^ . of power- plant fuel to reduce their solid waste volume, to recover 
useful energy, and to lovyer the average ffulfur content of their fuel, 
^J.:,- -':A/S^5 million plant in Saugus, Massachusett§^W^rns garbage from 
^^^o ;12 towns/ ^jroducing s^^^ that is then sold to a ntearby General 
■J;^^/ factory that hopes to save. 73>00C) gallons oQfuef oil per 

day on its ne\\r f^uel diet, v * . ' 

The next easiest method of energy recovery-fs anaerotjic digestion— a 
:T . ferqfl^nting process performed by a mixture of micro-organism^ in the 
v^- ab^ce 6F oxygen. In anaerobic digestion, acidrforming bacteria con- 
' vert wastes into fatty acids, ^jcohols, and "aj^dehydes; then, methane-, 
forming bacteria conuv^rt the ^cids to blpga^^U biomass except^Woo^ ■ -/' 
can be anaerobically digested, and the process has been recom'mendea 
^ for jase in breaking dowo agricultural residues and urban refuse/* 
Anaerobic digestion takes place in a water slurry, and the process T 
. require's neither great du'antities. of energy nor exotic ingredients, ' 
Anacrobicaljy digested, the dung from one cow will produce an ayer- 
age of ten cubic feet of biogas. per 3ay— about enough to meet the 
•^V , dafHy cc^bjking requirerhents of a typical Indian villager. 

Many developing aoci some industrial nation^ are returning to thts qld 
technology, '^Haerobic diges|ipn, for a new sourcer of energy, Bib'^s 
generators convert cow dung* human *'5t^ement, and inedible agricuT- 
tural residues into a mixture.of methane ai\d carbor) dioxide that also 
contains traces of nitrogen/ hydrbgen,;and hVdrogien sulfide Thirty 

. thousand^iiniall biogas plants, dot the Republic of Korea; and the . 

. People's Itei^Qblic of China claims to have about two million biogas 
plants in opera tion,^^ 




i;"'' : ; India has. pioneer to tarlor biogas conversion to small-scale 

OPEC price increases of 1973, annual gobar ' 
H»i^ for cow dung) gas plant sales shot up first tcr 6,560 4S 
: »^ 1976, sales numbered 25,000. "We've reached 

. . R. Srihivasan, the program's director. "There's no 

• Stopi^ 

.r/ In addition to methane, other products can be derived from the bio-* 
fe^ gasification of animal wastes and sewage. The residue of combustion 
' , is a'ri that retains all the original niitrients of the hiomass 

and tj[iat also helps the^il retain water in dry periods. At Aurobihdo 
. * - Ashram in Popoicherry, India, wastes from cows, pigs, goajs, and 
;- chickens wiU b« gasified; the residue will be piped into pondf sup-^ 
\ porting algae, aquatic plants, and fish grown for use as animal fod^'' 
■ . der; and treated effluents frorn the ponds will b? used to irrigate and 
fertilize vegetable gardens. Experience with biogrffe plants in "inteA 
iV grated fanning systeins" in Papua-New Guinea suggests Uiat the^yA 

* products, of sUch controlled processes cai\ be even more valuablfe^ 
than the methane/^ . ^ 



In Jevelopiijg countries, decentralized biological energy systems Jike 
that jpIarinecTin J^ondicherry coukkitrigger positive social chai^ev" For 

. small, reino^te villages with no^ prospects of getting electricity from 

. central power plants, biogas can provide relatively inexpensive, high- 
grade energy aijd fertilizer. Ram Bqx Singh, ^ prominent Indian de- 
velQger and proponent of gobar gd$ plants, - isatimates that a small 
f ive-'<kiyl^' plarit will repay its investment in just four years.^^ Larger 

"plants serving whole , vafiages .are even more economically enticing. 
However, where capital is scarce, the initial investment is?ioften diffi- 
cult to obtain. In IndUr tWe Khadi and Village Industries'Gbmmission 
promotes gobar plant construction by granting subsidies and low- 
intereft. loans. The Commission underwrites one-fiflh of the cost of 

> individn^Lf^ldnts and one-third of the cost of commun-ity plants. In 
the pooret areas, the Commission pays up^ to 100 percent of the cost 
of cooperative plants. / ^ ^ , 

In efforts to holdndovyn the cost of gobar plants and to conserve both 
scarce steel and cement in dieveloping lands, researchers afe producing 
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tiew nuiterials for use in digester construction. For example; a Urge 
.cylindrical bag,' reinforced with aylon and equipped with a plastic in- 
;kt and oudet« cj^^ in a hole in the ground and weighted 

down in about onrroijr^he total cost can be as little as 15 percent 
-of that.of conVietttional^tgC5feT^>vQtljei:^cxperime^ models are. now 
Hinng made. out of natu^^^wfeber, mud bricks^ bamboo pipes, and 
various indigenous hardwbods. In- general, the ideal bioeas plant for 
poori^rural communities would be laDor>-intensive to build and operate 

and would be constructed of local materials. . 

' / • * ' * , ' 

The principal, problem plaguing Third World biogas plants are tem- 
^;perature shifts, which can slpyv down or. halt digestion. Low tempera- 
' tures are particularly troublesome in Korea and China, ^where gas 
production slumps in winter when energy demands ar,e highest. Pos- 
sible . remedies include improving insCilatvon, burying future facilities' 
t^ take; advantage of subterranean heat, a ndt erecting vinyl dir glass ^ 
/gfeeiuiouses oyer ? the: diges,ters';tG-tr4p solar eriergy ior heating. Alter- 
natively, some -of" thi^^^a^^^^^ be used to 
heat the appanatusTtselr; Ka^^^ . ' . «.' . 

Alan Poole, a Uoconversion spe^list with the Fnstitute for Energy';! 
Analysis at Oalf Ridge, estimates that methane prfpduced at the rate 
of 100 tons per day in a U.S. biogas plant would cVst less than $4.00 
per million Btu's, which approximates the expected^ost of deriving 
commercial methane from coal:?^ In industrial countries, however, 
the recent trend has been, away from anaerobic digestion. In 1963, 
this process was utilized i^ 70 percent of the U.S. wastewater treat- ^ 
merft plants, but today it is being replaced— especially in smaller cities 
and towns— by processes that use more energy than they produce. 
The switch, which i^ now taking place at a capital cost in excess of^ 
$4 , bill)oi\ annjually, was proihpted largely by tligestei: failures. Al- 
' tfiough poor design and operator error can both leltl^^to pH imbal- 
ances or temperature fluctuations, the principahcause.of unreliability 
appears to be the presence of inhibitory 'materials— 'especially heavy 
metals, synthetic/detergents, and other incfustrial effluents. 

The9e same industrial contaminants can also cause serious problem^ 
'if the digested residues are tised as fertilizer in agriculture. Some of 
these inhibifory substance's can be separated routinely, but some will 



plhaVe'W be cut off at the sourte Snd fed intd. a different treatment 
rocea^ if excrement is to be anaerobically digested. 



ij^i^j^^ ^ mixture of gases, only one of which 

l;fe--medifne^i^ of value. For many purposes, the gas mixture can be 
|i 'itt Buf even relatively pjare methaneMs easy to 

w bbUin. Hydrogeit^ulfide'can be removed froih biogas by passing it 
■•• over iron filings. Orbon dioxide can be scrubbed, opt with lime water 
ly (calcium hydroxide). Water vapor can be remoy^ through absorp- 
^ -. -fc The recfiaining gas, methane, has a high erfer^ content. 

■ - ■ ' • i V. r» ■ 

J' . . • -4 • . ■ ' ■ 

..: Bioga^i plants have few-4i5.tr«Ctors, but some of. their proponeVits fear 
V xilhalKjlifi^ moving to<> fast and that large sums of money may be 
:^^^vr '$iV^^d'' in. inferior facilitie when significant improvements may 
• wait just atoundc'the corner. A recent .report to the Economic Social 
Commission for Asia and the Pacific said of the Indian biogas' pro- 
gram that "the cost should be drastically reduced, the digester tem- 
perature controlled during the winter months through the use of solar 
ehergfy and the greenhouse effect, and the quality of the'effluent im- 
proved/' before huge^ amounts of scarce capital are sunk in biogas 
technology* To these misgivings must be added those of many in the 
'Third Wor^ who are afraid that. the benefits of biogas plantssnay fafll 
exclusively of primarily to those who own cattle and land— acc^tuat- 
ing the gap between property-owners and the true rural poor." 

To quell the fears of those with reservations about biogas develop- 
ment, most government programs stress community plants and co- 
operative facilities; and many countries are holding off on. major 
commitments of resources to the current generation of digesters. But, 
whether- i.nftitL or large, sophisticated or crude, fuHy automated or 
. labor-inlferiMW;-^^^^ or public, biogas plants appear des- 

tined for aii increasingly important role in the years ahead. ^ 

f While hundreds of thousands of successful anaerobic^ digesters are^ 
already in operation, many 'other energy conversioti technologies 
are also attracting increased interest. Hydrolysis, for, example, can be 
used to obtain ethanol from plants and wastes with a high cellulose 
content at an apparent overall conversion effiipiency of about 25 per- 



cent T.he» cellulose is hydrolyzed into sugars, using either enzymes or. 
chemicals; the sugar, in turn^ is fermented Uy yeast into ethanol. 
£|2 "^hp^S^ iTiost research on hydrolysis has thus far l^een small in 
scale, Australians have advanced proposals for producing ^prodigious 
quantities of . ethanol using eucalyptus wood as the base ahd concen- 
tra ted' hydrochloric acid as the hydrolyzitig agent. Ethanql so pro- 
■ diiced could substitute for a large share of Australia's rising oil im- 
■ poVts/*. 
^ •. ■ ■ ; '■. V . y ' ' • - 

i Pyrolysis is ^h^^'d&strucfive distillation of organic matter in the <rt>- 
• sence of oxygen. At temperatures above 500*C, pyrolysis requires 
" qiily atmospheric pressure to produce a mixture of gases, light oil, 
and «a flaky ichar— the proportions of each being a function of 
'* operating conditions. In particular, this process recommends itself' -for 
' use with woody biomass that cannot be digested anaerobically. 

/' True pyrolysis is. endothermjc, requiring an external, heat source. 
Many systems loosely termed "pyrolysis " are actually hybrids, lem- 
i /:': ploying combustion at sorrt^' stage to produce heat. Three oOthe 
■ir V dozen or so systems npw lihdeT. development are far enough fclong 
to w^trrant' comment. The Garrett "Flash Pyrolysis" process invjblves 
* no combustion, but its end product (a corrosive and highly vitcous 
oil) has a fow energy content. The Monsanto "Langard" gas-pyrJlysis 
prpcess caii'be used to produce steam with an overall efficien^ of 
•54 percent. The Union Carbide "Pvwox" system, a high-tempef^urg 
operation with a claimed efficiency of 64 percent, uses pure oxygen 
in its combustion stage and produces a Ibw-Btu gas.'^^ 

Hydrogasification, a process in which .a carbon source is treated with 
hydrogen to produce a high-Btu gas, has been well studied for use 
with coal. But further research is needed on its potei\tial use with 
biomass since, for example, the high moisture content .of biomass 
,may alter the reaction. Similarly, fluidized-bed techniques, which 
work 'w^U with coal, ipay require a more uniform size, shape, density, 
and chemical cpmposiijon than biomass often provides. Experimental 
work on the application of , fluidized-bed technologies to biomass 
\. fuels is now being conducted by the U.S. Bureau of Mines in Bruce- 
S; * town, Pennsylvania. . 



"The selection of enersy ^ystemsi jyill 
^ be partially dictated by tne type of Tiiel 
desired: the'ends will specify the means/' 



Hydrogitnation, the chemical reduction of organic matter with carbon 
monoxide and steam to produce a heavy oil, requires pressures great- ' ^ 
er than 100 atmospheres. The U.S. Energy Research and Develop- 53 
itient Adixiinistrsition is paying for a $3,7-mlllion pilot plant, ^t Al- 
bany, Oregon; at the Albany plartt, hydrogenation will be used to tap 
the energy in wood Wastes, uVban refuse, and agricultural residues^ 

The selection of energy systems will be partiilly dictated. ;fey the type 
of fuel desired: the ends will specify the means. In a sertse, the cle- 
velopment of biological energy sourccfs is a conservative, strategy, 
"Since the products resemble tne fossil fuels that currently comprise 
most of the world's commercial energy use. Some fuels derived from 
green plants could be pumped through existing natural gas pipelines, 
and others could povyer existing automobilirs. Nuclear power, in 
contrast, ^produces only electricrfy, and conyertirig to an energy sys- 
tem that IS mostly electric would entail major cultural changes and 
enormous capital expenditures, ^ 

Biomass processes can be designed to produce solids (wood and char- 
coal), liquids (oils and alcohols), gases (methane and -liydrogen), or 
electricity, ^ Charcoal, made through the destructive distillation of wood,, 
has been used for at least ^0,000 years. It has a higher, energy content 

Ker unit of weight than does wood; its combustion ,temperature is 
igher, and it burns more slowly. However, four tons or wood are 
required to produce one ton of charcoal, and this charcoal has the 
energy content of only two tons* of wood. For many purposes— in- 
muding firing boilers for electrical generation— the direct use of wood 
is, preferable. Charcoal,- on the other hand, is better suited to some 4 
5i)ecialized applications, such as steel-making. 



Me:^anol and ethanol ate particularly useful biorrMf^ fuels. They are 
octane-rich, and. th^y can be easily n^ixed with gasoline and used in 
existing internal combustion engines. Both were commonly blended 
with gasoline, at up to 15 to 25 percent, respectively, in Europe be- 
-tween 1930 and 1950, Brazil recently embarked upon a $500-million 
program to dilute all gasoline by 20 percent with ethanol made frorifi 
sugar cane and cassava. Meanwhile, several major y,S, corporations 
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art showing keen interest in methanol. These alcohols could also fuel 
low»i^onutirig,externial ccmibustion engines." , 

The gaseous fuels produced from bibmass can be burned directly Jto 
cook food or to provide industrial process heat. They can also be 
used to power pumps or generate electricity. Moreover, high quality 
gase^ such as methane or hydrogen can be economically moved long 
Stances via pipeline; A "synthesis gas" consisting of hydrogen and 
carbon monoxide was manufactured from coke in most U.S. towns at 
ihe turn of the century; knowiifepopularly afr-^'town gas.^ ]t was , 
piped to homes for lighting and cooking. A. sinjilar locarbrew 
ftught make sense today for a<eas rich in treeifti^t .poor in" the type of 
biomass needed for anaerobic digestion. Synthesis gas can be further 
processed into irtethane, methanol, ammonia, or even gasoline. . . 

The price in constant dollars for oil-based fuels declined during the 
19505 and 1960s, partly because uses were found for more and more 
of the by-products of the refinihg process. Similarly as the residues 
of biological energy processes find users, the production of fuels 
from biomass will grow more economically attractive. 

Many biomass schemes reflect the assumption^hat energy crops can 
supply food as well as fuel. Even the plans W^cultivat^ u 
deep-sea kelp include schemes for harvesting afealone in the kelp beds. 
Many tnergycrops, including water hyacinth*, have proverj palatable 
to cattle and other animals, once solar dryers have reduced moisture 
to kppi-opri'ate levels. * 

• More sophisticated by-product development has also been planned 
by students of chemiiTgy, the branch of applied chemistry concerned 

. with the industrial use of organic raw materials. In the 1930s, L.eorge 
Washington Carver produced a multitude of industrial products >^om 
peanuts, while Percy Julian derived new chemicals from vegetable 6^s. 
And, for the record, the. plastic trim on the 1936 Ford V-8 w^s made 
from soybeans. , _ \ v 

Or«?anic fuels can bear many different relationships to otfier products. 
SomeHmes the fjiels themselves are the by-products of efforts to 



produce food (e.g„ sugar), natural fibers (e.g., paper), and -lumber 
' or >>rpod chemicals, (e.g., turpentine). Sometimes the residues of fuel- 
producing process^ may be turned into, plastics, synthetic fibers, 
detergents, liibricating oils, greases, and various chemicals.^ . f v • 

Bio\ogita\'iti^TgY:s are ftee df tlie^i^ibTe f drawbacks* 

WSOCiafed ivith Current energy -^ource^y Th^y will product no bomb- 
grade in4teWits^5?nor radioactive wastes. In equilibrium, biological "en- 
ergy sources will contribute no more carbon dioxide'^o the*attt\.oj^ 

. phere than they Yvill remove through photosynthesis; and switching 
•to biomass conversion wiU 'reduce the cost of air pollution control 
since the raw materials containjess sulfur and ash than many other 

- fuels do! Indeed, some, biological energy systems would have positive 
cnvi^Qninental.-imp^Cts»^^Beforestation projects will control^ soil ero^- 
^jon, retard siltaHorf of Hdms/ and improve air ^jXiality; One type of 

' iiomasss water ^a^inths^^ control certair> forms of'water poUu- 
lion, wliilevOtKWs fefeova^^^ , v 

*' > ' ■ . ■ ■ * * • ' 

Withciut wise management, however, biological energy systems could 
ehgender niajor environmental menaces. The i^ost eiem^sAUn^ danger 
dissociated with biomass production {is robbing the soil of its^ssential 
nutrien^. If criticarchemicals in the soil are not recycled, this "re- ^ 
nev^able energy resource will pr6duce barren wastelands. 

vReCycliag nutrients can, alas, bring its own problems. First, if i in- 
dustrial wastes are included in the recycled material, toxic residues 
may build up in the soil. Some evidence suggests that certain con- 
taminants- especially such heavy m«als as cadmium and mercury- 
are 'taken up by some crops. Secqnd, ; some .disease-causing agents, 
^specially viruses, may survive sewage* treatment/ processes.. Many of 
these potential infectants found in. wastes can be controlled synply by 
aging the sludge before returnij;^ it, to the soil. But, during out- 
breaks of particularly virulent, dfseac^es, human excrement will- haye 
to be^ treated by other means, suc^^^s pasteurization, before being a p- 
>^ plied to agricultural lands. ^ ' . 

^ecause:of the. relatively low efficiency with whieh plants capture, 
sunlight^, huge surfaces will be;needed to grow Jarge amounts of 

..■/■• 



biomass, Ifj^jbiolbgicaj energy farms sijg^pificantly alter /foisting paf- 
, terns of surfac^ vegetation/ the^refleC^Wity ^nd the water-absorption 
56 pit^crns of* immense tracts of la'hd could change. Moreover, new de- 
mands for gigantic tratts of land m^V et^entiialTy intrude^ upon public 
• reserves; wetlands/and wilderness areas! ' 

• > Ocean farming cah tg<a overboarcl too. The surface of the deep ocean 
is largiely barren of plant nutrients, and large-scale kelp farming of 
the deep ocean might Involve the use of wave-driv^en pumps to pdll 
cold, nutrient-rich water from the depths up to the surface, 
/ ■ 100,000-awre^fm might reqliire.the lipvyelling of as much^a^s'^twb Bif^ 
" lion tofts of vvaC^r a.aa^f^.with urtkno'wh^conseqiJences for the marine' 
:. '^environmervt, TDje^'P water$ also dontain more inorganic earbbh than 
/ isurface waters do> upwelllng such waters woulS" entail the release oX' 
carbon dioxide into the atmosphere, (Ironically/ a classic defence of 
biologig^^i' ^nergy systems has* been that they would av<5id the by i Id-' 
up 0t atmospheric CO^ associ*ated with the combustion of fossil 
fuels.) All these effects, might be. somewhat mitigated if ocean farms 
were located J n topler regions to the* north and south, where the 
f> temperature difference between surface waters and deej? waters is less. 

' ^ If me Quest for energy leads to the planting of genetically simitar 
crops, tne. resulting monocultures vyill suffer from the threats that 
pQw plague high-yielding food ^^grains. Vulnerability *to pests, could^ 
necessitate yyideSpread^ application of long-lived pesticides. An eternal 
evolutionary race woula begin between plant breeders and blights, 
rots, and fungi. Moreover, biological energy systems are themselves 
vulnerable to external environmental impacts. A gjob^l cooling trend, 
for example, c6u4d significantly alter the growing season 5nd the net 
amount of biomass an area could produce. ^ ^ 

Using biomass conversion requires caution and respect for the un- 
known. If the expanded use of biological energy sources in equatorial 
countries resultea in the spread- of harvesting technologies designed 
for use in temperate zones, dire ^effects could follow. If the biomass 
fuds became items of world trade instead of instruments of.energy in- 
dependence, the sacking of Third World forests by multihational 
lumber and paper companies could be acc^erated. 

58 . 




/The broad social effects of bip 
energy systems djrfy pat pici^ict(pi)ii.^;' 



r^"Tlie-broad spdal effects of biological energy systems defy pat predic- , 
' tions.^ioiogical energy systems could, for example, be designed to be^ 
•Ia l«bbr*^intensiye and^ hiffhly decentralized, but tnpre is no guarantee ^7 
; thdt they will evolve this way of their own;accord. Like alT,inno>63- 
;^ tions, they must be carefully monitoredrMike all re^burces,'They must 
be 1^1^ to promote equity* and not the narrow interests hf the ^lite. 

f Photosyhthetic fuels can contribiite.significantly to the world's com- 
merctij energy s^pjp^Iy. Some of tftese solid, liquid*, a pd gaseous fuels 

^ aretticnlln energy^^hd most: can \e easily stored and transported./* 

PUnt power can, without qu^^dri; T^rovide a Jarge source of. safe, ■■. 
"l$w«pol)ki qng, r elatively inexpensive energy. But all energy- systems 
• .^ have Gwlain intractable' limits.* For photosynthetic systems^^hese in- ; * - 

! clu4^ the availability df'swnlight and the narrowness of the radiation . 
range vyithia which photosyntl^Bfiis fan- occur. Access to land,\vater, 
•and nutrients will al^o set production boundaries. And, at a more 
profound level, we must ask how much of the toUl energy that 
drives the biosphere can be safely diverted to the support b£- a single 
species. Homo sapiens, ■ j ' ^ 

Storing Sunlight » ^ . 

Jets and tVucks cannot runjdjlSactly onpsunbeams. At night, of course, ^ 
nothing *can. Solar eneig^l^^fo-diffuse, intermittent, and seasonally . 
variable to harness directly tp^ser-ve some human needs. Of course, 
iiiterruptions'of various fends plague all energy systems, and storage • 
problems are not unique tor renewable power sources. Electricitil 
power lin^es snap, gas and oil pipelines crack, dams run low during ; 

— --aroughts>^^nd -nuclear- power plahts- ttequentL^^ -repairs ^arii^^ 

maintenance. A wind turbine ^on a good site with sufficient stor^^ 
capacity to handle a 10-Jiour lull could, Danish physicist Ber\t;S|fr^h- 
sen has showrtxdeliver power as reliably as a typical moder^}^prtSldear. 
power plant. Reliability is thus a relative concepf/' - * » 

Sometimes the intermittent nature of an energy source causes' no 
problems, for example, solar electric facilities with no storage capw- 
city Can be used to meet peak demands, since virtually all areas have 
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^ tKeirpeak ^a^^^ derhahiS^B' during dayli 

' aii- fertilizer producers, tnay find thak an intermittent energy source 
fR satisfies their need?, And sometimes two intermittent sources-.will 
complement ^cji other. For example^ wind speeds ar« usually highest 
• when 'the 'sun is not shining, so v^ind arul'^lar devices cai\«Qften be 
^ejft^tively used in tandem. 



If 



if ten, however; ^eh^rgy m,ust he^jStSredtOhe of^tion is ta store energy 
as hpat. 'Vow* temperature heat for vyarminjj buildings, k^; examiple, 
can be temporarily stored in such substances as vvat^r or gjavel; in 
. fact! jRubstantial short-term heat storage^caftacit^^ c^bj economically 
'^'^P^liS}*' ihto the structural mjass of nfew ouildiijgs. For longer perj-*; 
; .vjfi^^ (phase-changing) ^Its are a compact, effective sif^rage 

. Hi(yKpr.fpmnpr;iM>rp hpat.^ suitable for eeneratine Velectricitv, 




^ JV.' •*fii^ihg;>^^ pumped ,hrydi;c^storagc 4r(d ccTmpteSsed air storage) as^ 
onfe^tfe . . > ' * 

■'^^^Miiiy;s<J^ar enthusiasts ^re intrigued* by h^dfogen storage systems. 
The disffnguished BritlsH scieiirtist and writw J. B. HaFdane . pr^^ 

r dieted in a lecturjfci given a'jt 'CambridgeHJrirverSlty- in .^m^^ 
England would evehtu'ally turiHfor energy^ to "rows of metalUc wind-l 
rtiiUs working elechit mt?t^/' Haldape ther\-weht oh: , ^ " >: 

' ^ At suitab'le-udistances, tKere will be-«roat powfer stations " 
' >vKere ddring windy weather thi surplus jfewef will b.e 
Tt y?-* -. * ustkl^ for thc:^^fectrolyfic decoifipj^l^^ipy^ oF* w^^ 
^ , I qxygen and'hydrogen. Jhe'sc gases Vill beJ^iayVfjed a^d 



\ stdted ip vast vacuum ja^keftd r^servdirs; pr6b>]bly sdnk;_ 
in tha ground f: : . lA |iirt€*Ja6f talm, tKe gases vm beYjf^ ' 
cpmy<l^^d in;^xplostbn^ m»1ors^ivOrkmg dynamcs which^ ^ ' 
^ Fftoduqe elec^ncri^ehergy on(!rfe\mpre, (jr mpr^i)robably^. 

iLi!t)% 'has lideii dorie to**«aavaSce iarge-sc^le Hydro^dn' us^g^ since 
AHaldahe stortledOmbridge with Tiis visiw^mo.ice'thah a half-cfentury 
/i^a, The ^JCjeason . "or tKe^apse i# eas^fenprfgh^to Fathom,- fossil fuels ^ 

. '.^ \:' '^^^'-:^-.{ 

r : .:..v... ; I,-.. 



^ wete f5r7l«rade9T«r cheap that hydrog ccxUSd not be made Gofnpeti- 
tly«» recent ye2^r% interest in liydif^g&n ha^ revived, partly because 
this fuel has, Wen i|sed so successfully in spac« exploration program^ 
^.. and pardy. because natural gas coihparkies have gradually begun.. to 
V ! aWaken from their "pipe dreams'' of endless naturalgas &Gpplies. 
•■ . ■ . ^ ' ' " . ' 

Under some grarid schemes, hydrogen would someday substitute for 
r all nat ural g as, replace all automobile* fuel, ind. satisfy mucif of 
T^v^ industry's Idial met^ demand as vvelk But the ifiost'far-fetched of 
' such plans for a 'Thydi^en feconomV^^^tri^^ TJhe 
: easiest way to mai^fiiiydro^;a(^5ii^^ 

carboits) is by electrolyzing water; the United States , would ..hav^ to 
triple its present electrical generating capacity ift order to substitute 
' , hydrogei ^r. the* natural gas it* now uses— even if it" vyere\to devote' 
. aWits electrii^ty to the task. » v ' 

* Hydrogen^oduction poset^'a technical, problem but it is one that 
may eventually ^vijji^^ to a cheap techriicaf solution. In fact, some 
promising resmcH js nJw berng conducted on biological production 
Recesses aridfon tethni^ues . for using high-kpperature solar heat, to 

V splH^Water inoleculeff in^hyd*3gen and o)^gen. In the meantime, 
> hydrogaai^^commends itself for use in storing and transporting en- 
% .ergy frony intermittent sources pf power^ Easily stored as a pres- 

;. surized ^, as a supe^-Vooled liquid, or Jrf metal hydrides, hydrogen 
r-v can alscpbcu transported Jong distances more economically than elec- 
; ^tricity 2iaU '^can b6 used fuel cells (where it can be efficiently con- 
^ii^L^rted intQOt^ irf^centr^lized facilities). Pressurized hydrogen; 

v' vJSfas tb emMittle.;^ alloys, but the imipprtanc;^' of this 

vif-^prbWem has probably * " 

il? ^* ■■ . \ ■ ^.r • ■ . .J . 

Pumpe^ hydro-storage involves using si^rplus power to pump vyater^ 
/ . from a lower reservoir t6 an. elevated one'^'Then, when power i:S^'^l^d;^ 
• tKe water is albvyed tPif tow back tp the lower ppol throu^:|'ffur^' 

bine. Pumped h^^dt'pktorage.Js alreai^^ cdt^ventipiiMi^fewet 
- plants around the vyoriij; in tlie fytu^^ crossbred wrt K V^ nd- 

v.^'power technologies. The use'of wind ehergyj declined in Deniwk^ a 

V in.|i^t beis^s'e "Wind muscle" could not compete 
^ v^^ifebnomically wit!) Cheap, .jsirfplus Swedish hydropowe^i. ^ow riiat 



demand for electricity has inQreased in bc^ cour^tries, both ar'e seri- 
ously, considering investing in a hybrid system. Danish wind power 
could replace some Swedish hydropoyver when the. wind blows, and 
any surplus wj^nd power could be used to pump downstream^ w^ter 
back into some of Sweden's reservoirs. Sweden might also pulrsiii^. 
wind power independently. The Swedish State Power Board, has- afe-v^, 
tertnine4^ that 5,000 megawatts of wind-power capacity c6\iid ^b^^ 
linked with current hydro-electric facilities without providing extrii , 
storage. Such a combination of wind "power and hydropovyet would * 
make sense in many places: when a dam has excess, capacity and 
could generate more electricity without adding more turbines if only it 
he)4^iiy>fe water, a- hybrid system fits the bilL The Bonneville PoWer ^ 
Administration is considering the integration 6f wind turbines into its 
extensive h>!'dro-electjctc system in the northwestern United States, 

Another form of mechanical storage ifivoliifes pumping pressurized 
aiir, into natural reservoirs (e.g., depleted oil irid gas fields), man-made 
^Caverns (including .abandoned ^mines), or ' smaller specially-made 
storage tanks. Air stored in thi^ mahner is released as needed to 
■t drive turbines or' to run machit^ery. For almost four decades, design- > 
ers have studied large-scale ptimped-air storage proposals; but the 
first commercial unit is just beiHg completed. Located in Huntorf, 
.Wo^t't^ermany, the system w|Il stort the surplus power" generated by 
nuclear (eactors during periods of low power-demand.*^ ^ 

.Still another approach to mechanical VtQjage involves rapidly rotat- 
ing flywheels in environnr^.nts that ^re Jalmost friction-free. Recent 
major advances in materials now allow the con^tfuctioif of ''superfly- 
wheels'' whose higher spinning speeds enable thefh bp store large 
■amoimts of ,ehergy„ in„xatoer small^areas«_Jilywhipels„ciduldV- i \ 

made small and efficient enough to propel individual autoniol^tl^. 
Tfiey have already been used 4n pilot projects on trolleys and buses* 
to reca^^ture the energy that would otherwise be lost during braking. . 
Although superflywheels seem -attractive at first blusH, significant 
j>r0l^n3LS remain; ancTlhese devices are.sbme years away from wide- 
sprwarom . 

Electricity caxv bte stored dire<!it^Iy in batteries. Exislirfg battefies ar^ 
^ther expensive, haye low power and energy -densities, and* do not 



"Overall, l(ie slorage requirements for a 
\ sociely based on renewable energy 
sources may f>rQve comparable lo Ihose 
. of an all-nuclear sociely." 



last long. However, experimentaj .j^atteries, some of whicK may prove 
econoittica) and feasible when used with intermittent energy sources, ^ 
may sp6n enter. the market. Metal-gas batteries, like the zinc-chloride ^1 
cell, use inexpensive materials and nave relatively high energy -^ensi- 
ties. Alkali-metal batteries perform veVy well, but operate at high j 
tempetatukes, and existing models suffei^ from short life spans. A* 
number or other battery possibilities are being investigated find some 
promising preyrninflxy research r^fsults are now emerging." . 

' Base-load sou^eSr(^ electricity, such as ceal plants and ryy^l^plants, 
also require storage. Such facilities cannot be geared up and 'down to 
follow the peaks apd valleys of electrical usage; they produce power 
at a^steady rate, and surplus- power ^from .non-peak nours must be 
stored for the periods of heaviest demand. For base-load plants, the 
cost of storage varies with the degree to which consumer usage is not 
constant 24 nours a day. /For solar sources,- the storage costs vary ^ 
with the l&xtent to whicn usage does not coincide wijn thei normal 
, daytime sunlight cyicle. Wind power is less predictable! 'but at choice 
sites tends to be quite constant. Storage problems witK. hydropower 
and biomass systems are minimal. Qverall, the storage' requirements ■ 
for |i society based on renewable energy sources may prove compara- c ; ' 
ble t6 those of an all-nuclear society. ' " * ' 

Storage ranks high among 'the uncerlaihties tiiali impede the use of , 
long-ttrm Jljer^y sOutces. Ajthough'^ stydieV '•^ been performed^ ^ 
none hai^i^^p^stabllshed Which storage sysfie'rils will have an economic ' • 
edge. It IS cleir, hbweveK that storage *devicef should l?e carefully* 
keyed to the' actual qualityV^f energy needed -for a particular end-use, 
;-^nd that electricity » should never be produe^d and stored for a job 
,^Teauiring only low-grade heat. In storage as in energy production it- 
. y sj^^ I 



Tunubg Toward the Sun 

Vy^'arje not running out of energy. But we are running out of cheap 
oil and gas. We are- running'out of money^to pay foij doubling ^nd 
redoubling an already vast energy sypply Ssys^emv WeTre rufining out ^ 



of Dolitical wilUnaness to accept the social costs of continued rapid 
;L5y ixpaSn Ve ar*<xunning out of the environmental capacity 
n^J?^ to handle the>Hl"tan»? 8^""'"^'* in conventional energy 
pSdSction. And we are^rur.ri'riii out of tiw to adjust to these new 



realities. 



Humankind is ho closer today than it was two decades ago to finding 
I^fcXement for oil, and the rhetbric that Public o f icials U>Qsh up- 
ohX^nSgy "crisis" is still not being translated ^to aC«on^MMt: 
Sergy ^cy continues to be fsimed as though it Vere addr?sSK<^^> 
Slem that our grandchildren tvill inherit. But the enf^sy cns.^ is 
Sir crSis. Oil ahl natural gas are our principal means of bridging 
today with tomorrow, and we are burning our bridges. 

The enWyi«risis demariSs rapid decisions, but 'policies mUst never- 
Aeless be formulated with an eye to their wide-reaching implicatioxK. 
Thrworld will not undergo a major energy transition without alSo 
underRS ng fundamental social and political changes The changes 
S?me Se"gy alternatives dictate may be p^ferable to others, but some 
formoHundamentalch^^)geislneyl|^^ble.•r;y^. ^. 

If small-scale,- decentralized renewable-Zergy 'e<^"°l°8'f t^^^f 
imbraced fev,^ aspects of modern life would go unaffected. Firms 
Sd S=ir^?efv on wind power, solar heaters, and wafite c^hverr 

iSrme mprSnergy-efficient anyj^l^^^^ pervasive in it^s impact on d|eU 

In the new 'energy era, transportation woi^ld 'be weaned frdm its 
petroleum base even as improved cornmH^cat ions and •ntaUgenj' 
planning began t6 eliminate pointless >*,vel Energy efficiency 
anl load factors would become important criteria in evaluating tra ns- 
^rtS« jnd t>^2 costs of travel would reflect these values. Bicycles 
CiSeSrifto account for an important fraction of cprnmuter traf ic 
2 wJu inf other, short trips. And freight would be transferred 
' ShefJvW possible frorn trucks and planes onto more efficient. modes, 
espeqially trains and ships. 



If wV'were to»opl for the best renewable-energy technologies, burW- 
< ingig iffbuld be engineered to lakeful' advantage ^^^^^ environment. 
Mqrif and more of the energy ^hwed for healmg and cooling would 
t^' ae^ directly from the sunl Using iow-Cbst photovoltaicsHhal 
^•^W^^frt sunlight directly into electricity, many buildings could even- 
timly become energy self-sufficient. New iobs and profession's wCuld* 
develop around the 'effort to exploit sunlight, a^d Courts would be 
foitcd to consider the; "right" of building owners nor^p have their 
ilinshine blocked, by neighboring structures. ,\ 

* While industry would doubllessAturri la coal for muchcof* itffeiifeVgy 
during the transition pedod, eventually it would also draw-it^ pri- 

. mary enaigy from natural flpws. Thus, energy availabililv would play . 
an impomiW rple in determining the locations of future factories. T^e 
suhshihe-rich^n'SiJIibns of the Third World, vyhere raw materials and 
renewable ^energyisqilirces are most plenlifuij^buld become hew cen- 

' t^rs'of economic prbductivily. The <icross-lkerbpard substitution pf^ 
fHeap fuel for human labor would be halted. Recycle^inetals, fibers,; 
^id other materials woujd become principal sources otraw materials^ 
Stfftx as energy repositories, manufactured products would necessari- 
Iv become more durable and would b)e designed to be easily .repaired 
and recycled. 

Using small, decentralized, and safe technologies makes sense from 
a systems-man<iig*ment points of view. -Small units could be added 
incrementally if rlsihg demands required ihemy and they would. be 
much easier than' large new facilities to 'integrate smoothly into an 
energy system. Small, simple 'SoiTrces- coiild be installed in a matter 
"oT^eeks or rro^ facilities often require years 

an4 even decades to erect. If gigantic power plants were displaced by 
thbiiSands of smaller units dispersed near the points of end-use, econ- 
omies of Size would become relatively less impqrlanl vis-a-vis efor 
nomies of mass production. Technology would afeain concern itself 
with simplidty and elegance, and vast systems with elaborate control 
inechanismsSvould become extiV\ct as more appropriately scaled facili- 
ties evolved.*' ' * 

To decentralize power sources is in a sense to act upon the principle 
o\ "safety in numbers." When large amounts of powec an? produced 



at lndi(^idual facilities or clusters of pUnts, the continued^wer^tion 
of these plants becomes" crucial to society. VMThere energy prolfucyon 
is centralized, those seeking t<i coerce or simply to 'disrupt \he com- 
>Y|[iMnity can easily acquire consjderable leverage: for example, a leader 
4f Ihe' British electrical work^M-^recently noted that r'lhe miners 
brought the country to its knees irt >ight ^week^/' but 4h4t his co- 
. .... workiprs "could do it in eight minutes."* Disruption need ndt be 
T-i^fiitert^^^ eithet. HUman error or natural phenomena can easUwup- ^ 
vHV %(8l'h^^ networks tha4 serve wide ar^as, while use of diverse 

''dfe^ntfi^iizj^d sources coulH practically eliminate such problems. 

t flci^cvet. research on direct and indirect sglaV sources will rn61>uto- 
% matlcally produce devices that meet, the "diverse needs of the ijiic&rld's 
peoples. Every technology erfibodies the values and conditions of the 

• ^society it was designed to serve. Most significant research' on sustain- 
.^ble Energy soufces has been carried out in industrialized countries; 

' teichnological advances have therefbre reflected the needi of societies 
♦ viith temperate c;lrmates. high per tapit'a- incomes, abundant material 
resources, sophistkated tech^^ical infrastructures; |JMM|ensive labor, 
good communicatioi^ and trans,pbttation systems jl^^ well-trained 
maintenance persannel* Such gocietie^ ' ^'^^^ ^''^^fmV ^'^^^^^^^V'^ 
indeed, two-thirds of tln^ U.S. solar energy re^search^^J^et. is-devoted 
to the generation of electricity, *p • * 

Clearly/some of tltt findings qf research conducted in such nations 
are not easily or wHtely transferred to society's with tropical climates^ 
' low per capita inc,0«\es, few rpaterial resources, stunted technical 
, infrastrCictures, cTiea4 labor, poor^ communications, and only fledg- 
^ ling maintenanc^>fplft»v N/lost people in the>vorld do not have electri- 
cal outlets or ahyihin^ to plug into them. What they need are cheap^^ 
^ fBolar cookery, inexpensive irrigation plrmps, srihnple crop dfyers,' 
small solar furnaces, to fitf bricks, and other basic tools. 

With the tra^s of technology transfer in 'mind, some argue that a 
major solar research and development efforj, on the part oT the in- 
dustrialized world cannot spe^k to the true needs of the poorer 
countries* This argument contains a kernel of truth in a husk of 
mi^und^tanding. Countries can choose to learn from each others 



^ "Most people in the world 4o not 

I , havt tltctric^l outlets or anything to 
' / ; > plug Into theih." 



Bf#cp!eHence; but ,t&^h country must view borrowed knowledge 
'mOliph^ t^^ Itns of Its own unique culture, resources, geography/ 
^ ' «nd inttltutionf. The differences between such industrialiiecl lands as 
t\, hpV^ #nd France merit note/but the differences between some third 
I 'Wtm M^ be more stril^ing than the similarities. Sur^Q^jm 

V Mttl^in'aimual per c»ita income of $S10) has^energy problems and 
' Mjhmtial solutions, tb«( bear little.resemblance V those of Rwanda 
{with in annual jfiit capita income of about'>S60). And national 
: - WtalthHf not tha oh|v relevant difference. The tasks tor which energy* 
- iieeded vary from country^ ti country. In some/ the most pressing 
i nfcd may be for energy to run the pumps tha^brfng water frqin a 
' dttp wattr table to the parched^urface. In landsN^ith- more abundant 
. Watin* auppliei« cboking fuel may be m desperately short supply. The , 
availabilttY of sustainable resources may also differ. One region may 
have ample hydro^wer potentiah^anotner strong winds, and a third 

Kfuse direc.^ sunlight. 'Successful teirhnology transfers tequire a 
n sentitivi^ to such differences. 

• ^Some disillusioned solar researchers in both indul^rialized and 
Agrarian countries contend' iba/ the major impediment tb solaV ife* 

. vclppment has been neither technical {the devlies, work) not economic 
(n^ny simple devices can be cheaply made). Instiead/theylclaim, the' 

Eroblems^have .soQial and cultural roots. ^Many. Third Vwld leaders 
ave not wanted to settle for ''secondjLTale'T renewabbr energy re- 
sources while the industrial world flourisHe? on c(il a^d^nuclear pow/ 
er. Of ten,, officials in charge of new .technblogWs, suon as windmills, 
ixjfft been unable fiifd technicians who could maintain and repair 
" the systems. Occasionally) people* given sdht equipment have re- 
fused to use it because the rigid time requirements of solar technology 
dist'upted their daily routines or because the direct qse of sunlignt 
: defied their cultural traditions. 

.Many of these attitudinal impediments may now be vanishing as' the 7 
. ^global South begins to develop its own research and development 

Capacity. Tne indigenous technologies born of this new capability < 
' may prove quite compatible with Third Wqrid needs. Brazil's large 

ethanol program. ^India's gobar gas plants, and the Middle East's 

growing fascination with solar electric technologies can all bode 
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well fo^^^ht future of.renewable energy resources. At the same tin\c» 
thfLPCbpTe of the Third World, stunned bv a simultaneous shortage 
of firfwood and petroUunI, may be more wiUlng than they.weje a few 
years ago to adopt solir solutions. . ^'^ . 

In mjbch of the global North as well, ;solar Ifchnblogies are beinp em- 
brae^, as Important 'futMre options, 'In Japan, the SpViet Union, 
Frartce, and United States,* renewable resources are .increasingly ; 
btlnB vieweil al major components o£ future energv Some 
of the innovative research in these countries, coy Unwell hold global 
s^nificance.* • ; * / . ' *• ' ^ .4 ' ' ' ' v ' ^ • 

ilhe il!i4<iionst)iF sunligtit, wind, running wAter. and "green plants 
^as enetky^tou^Wk Had industrial, civilization be^v. 

Iburtt ii^n of energy "income" instead' of on the enewf- ^ 

storea'in fbreil any proposal to convert tp coal or uramuftv.k>r : 

the world's future energy would doubtless bc^vicyv^d^i^ith increduldus 
horror. The current prospect, however, is the reverse^a shift from 
^ trouble-ridden fourfces to; more l^ttractive ones. Of the possibly worlds 
, we might choose to build, a solar- powered one appears most inviting, 
i • - * . ' • 



= i; By far the largest fraction of current commercial solar usage is of biomas% 
; /In many Third World.countriej/ firewood, d\iny, and crop residues constitu# 
y 90 perceif^ of all energy use. Calculations regarding the magnitude "of this 
^ usage can be found in Arjun Makhijani and >\ Ian Poole, Energy and Agri- 
^■ culture in the Third World (Cambridge, Mass.: Ballinger, 1975), and P.F. 
y Estfh Forest Energy and Economic Development (Oxford: Clarendon Press, 
1975). •Hydropower'' ranks next, providing more than one-fifth of all elec- 
^ ^*Wdty and about 3 percent of all end-use ene^g^. See United Nations, World 
Energy Supplies: 1950-1974 (New York: Dep^jSnent of Economic and So- 
cial Affairs, 1976). / . 

# ' - ' ■ ■ ' 

•I F. dei^Winter and J.W. JM^inter, eds., Description of the Solar Energy 
icD Program^ in Many Nm^ns (Santa Clara, California: Atlas Corpora- 
tion, February 1976). ^ 

3. I airi indebted to Professor Theodore Taylor of Princeton University for 
suggesting this analysis, ^ore information on tK'e CO: problem can be ob- 
tained in Stephen H. Schneider, The Genesis Strategy: Climate and Global 
SurvivaliNev^ York: Plenum Press, 1976); Bert Bolin, Energy and Climate, 
(Stockholm: Secretariate for Future Studies, 1975); W.S. Broeker, "Cli- 
mate Change: Arie We on the Brink of a Pronounced Global Warming?" 
Scrence,Mugust 8,*1?75; P.E. Damon and' S.M. Kunen, "Global Cooling?" 
Science, August 6,' 1*976. The problems associated with a 'plutonium econ- 
omy are elaborated in Denis Hayes - Nuc/ear Power.;. The Fifth Horseman 
(Washington, D.C.: Worldwatch Institute, 1976). 

4. An OverView of the major cpmponehts of thp U.S. fusion program can be 
obtained from the Energy. Reseirch and Development* Administration, Fusion 

♦ Power by Magnetic Confinen^nt Program Plan, Volumes I, 11, III, and IV" 
(Washington^ D.<!.: July 19^6). For an excellent sqrvey of the technical 
pr6blems faced by fusion written from an optomistic viewpoint, see David 
J. Rose and Michael Feirtag, "The Prospect for Fusion," Technology Review, 
^ December 1976. For a more skeptical apptaisal, see the three-part series by 
William "Fusion Power: What is the Prbgram Buyirfg the Country?" 

Science, June 25, 1976; "Fusion Research: Detailed Reactor Studies Identify 
More Problems," Science, July 2, 1976; "Fusion Research: Interest in 

. Fusion-Assisted Breeders," Science, July 23, 1976. 



5. .Comprehensive overvie,ws of solar Energy can be found in Farrington 
UaruelsrtDirect Use of the Sun's Energy (New York: Ballantine Books. 
1974) and B,J. Brinkworth. Soiar Etrer^y^for Man (New York: John Wiley 
and Sons/ 1972). Tvfc more recent articles \x\ Technology Review provide 
cfxcellent analyses of fhe solar potential: Walter E, Morrow. Jr.. "Sola^^Ener- 
gy: Its Time is Near." December 1973. and loRn B, Good^nough. "The Op- 
lions for Using the Sun." October-November 1976, The most exhaustive 
survey of ill renewable energy technologies remains Wilson Clark. Energy 
fo? Survival (Garden City. New Yorjc: Anchor Pre^/Doubleday, 1974), A 
recenlijivrvey of U,S, corporate interest in several of these tocrhinologies is 
^. Stewart W, Herman and James S, Cann9n. EncVgV /wtw res (New- York In- 
form, Inc. 1976), 

6* Insight into the many vital but unnoticed functions performed for human- 

itind by the sun can be gleaned from France Von Hippel and Robert H, Wil- 
iams, "Solar Technologies." Bulletid'^of the Atomic Scientisjs, Novem- 
ber 1975. and Steve Baer, "Clotheslirre Paradox/' The Elements, November 
1975, The temperature estimate for jty sunless earth was provi^d in Vincent 
. E, McKelvey. "Solar £nergy in Eafth Processes." Technolog]^evieiu.\ April 
1975, ^ A ' ' ■ ■ ' ■ * ■ 

7. vJ.ohn V, Krutilla and R, Talbot Page. "Energy Policy, from ap, Environ- 
mental Perspective." in Robert J, Kalter^hd William^jjuVogely. eds\. .Energ^^ 
Supply and Government Policy (Ithaca. ^ N,Y,: C^jPell University Press. 
1976); John S, Reuvl, et al; A Preliminary SocialMr^Environmental Assess- 

■ ment Oj the ERDA^la^ Biergy Program 1975'20?0\ Vo\s. I and 11 (Menlo 
Park, California: The Stanford Research Institute. 1976) found solar tecV 
nologies to be environmentally attJhcSive compared to the alternatives. ^ 

8. Hans H, Landsberg. "Low-)Cost ^Jbundant Energy: Paradise Lost?^, 
(Washington. D,C,: Resources for the Future Reprint* Number 112. De- 
cember 197i3),'- 

• ;•* . . N 

" 9. The U,S. Federal Energy Adn^iniStration puBlishes a seini-annual Swrvey 
of Sj^laf 'dollector Manufacturing Afttiyity; the 1977 estimate is by Ronald 
Peterson. Director of Grummon ^eifey Systems, on^ of the largest manu- 
facturers of solar collectors. '* v ' » * 

10. Largely ^because conventional fuels pose transportation ^d distribution 
• problems, th^ largest immediate market for expensive photovoltaic cells* ^^y. 
strangely enough, be in the world's poorest coujjlries. Charles^ Weiss j«hd 
Simon, Pak, "Developing Country Applications of Photovd.lt^c Cells. "^pre- 
sented to Jhe ERDA^National Solar Photovoltaic Prdgraiir^'ciview' Meetifii^ 
San Diego. Calif 6rnia>3^ary 20f 1976, . V ^-V'-'^^* ^ i 




J^^5;iT?5^ and D.J.i«Boltar6, £/ecfric Power JSMnsmission and Dis:^ 

^%*iS^ti^^ Costs afid Their Allocation (Austirf: University of Texas 

i^i-CcifterifotEncrgy Studies July W {T 

Kv-^r/ - \' ■■]■"■• "^' "^ . ^- - •■. " V ■ 

?!!!!^i2r^'A^^ the concept of thermodynamic matching is- 

S ' of Energy: A Physics Perspective/' the American Physical 

Sb<Je#,^ 1^75. (Reprinted in U,S^ House of RepresefttativeS/Com * 

^Jy!^ natjlci^ on^^^^ and' Technology \PaTt I, ERDA Authorization^ Hearings 

' tf^ Hay i 

; watchlnstilute. January 1976). 

'^^"^7■•'■'•■••■• ■ 'j ■ ■ ' * 

■ ft -la, vimory- B^ Lovins,. VScal^Centralizatijwy^d Eliettrificati 

i> System*/' presented to a Symposium oir^TuTure Strategies of 
fe^ppment,t,Oak Ridge, TenhesseeyOc;to'ber 20-21 1976. The G^are 
" ' iloring . Energ^^Efficienf Futures for fianada/' Gohse 

June 1976. . - 7 '' 
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16.4ohn A, Duffie and WilliaranA, Bec;kj^^ "Solar^ Hating and Cooling," 
SciMce, Vb\: 191, N6. 4223, ^=J^nuary 11^^976. A fine^ f hotographic surve^ 
ofJpveral U.S. solar homes can "be f<^nd in Norma Skurka and Jon Naar, 
^9i$ri for a Limited Planet (ftfajv Vork: Ballantirte Books, 1976). A more 
cohiprehensive sun?ey ie Shurcliff', Solar Heated Buildings: A firief 

JSdrvey, 13threditionJ[»n Eupgo: Solar Eneijgy? Digest, 1977), Active ap- 
proach'es to sbla^x^^^Suing are* described in Shurcliff, "Active-Type 

Solar Heating Systems for Houses: A Technolo|y in Ferment," Bulletin of 
the Atomic Scientists, February 1976.*Passive solar design is Explained in" 
Raymond W. Bliss, "Why Not Just Build the House Rightfin the First Place?" 
Bulletin of the Atomic Scientists, March 1976, and by Bruce Anderson, "fcTow 
Impact Solutions,'' So/ary4ge, September 1976. 

17. M^ Tflk^ "Thermal. Storage in Sodium Thiosulfate Pentahydratfc," pre- 
sent^ tcr Irifcrsociety Energy <Zommission Engineering Conference, Uni- « 
versitVofDelbware, August 16, 1975. ^ 



18* .H.<Z. TiscHer, ed.. Summary of the Annual Cycle Energy System Work- 
shop ! (Gak' RiVUe, Tennessee: Oak Ridge National Laboratory, July 1976). 

19. Complete information on and specifications for this air conditioning sys-. 
tem are available j^rom the Vazaki Buhin .Company, Ltd., 390, Umeda Kosai 
City, Shizuoka Prefecture, JapCan^ ■ 

20. The Mitre Corporation, An Economic Arialysis of Solar Water and Space 
Heating (WJa^ington, D.C: Energy Research and Development Adminis- ' 
tration, November 1976); R.A. Tybout and G.O.G. Loff, ''Solar House Heat- 
ing," Natural Resources Journal, Vol. 10, No. 2, 'April 1970. 

21. This Is the most persuasive argument available to those who favor utility 
investment^ in solar^ technologfies and conservation. .A utility should in 
theory be willing to, m'ake electricity-saving investments up to the hieh 

* marginal cost of new power plants, wperea*s the consumer will want to maKe 
only those investments that are sensible in light of average- electrical bills.- 
Arguments against such utility involvement are generally based on the as^ 
sumption that the utility will charge high prices for equipment and labor 
while demanding an exorbitant rate-of-return on its investment. In parts of 

' the world where utilities are government-regulated, this argument loses much 
of its force. • » ^ 
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Frost and Sullivan, The U.S. Solar Power Market, Report No. 348, N^w 
pS Ybirk, 1975^ Frost and jSuUivan estimates the toUl annual U.S. solar mark^ 
fe; foi>^l^5, including wind power and biomass, at $10 billion. In its A Nfltiori' vPyf 
fe'^P^ ii^Ky^W^^w^ iBMiWin by 1990 (Washington, D.C.: 1975), the Amer- ^ 
:^^fcah^ calculates that an ambitious* program of conser-* 

ii;^ vatioW and s save the Unifbd States tn^ equivalent of ^ 

iy^^l2;5 inillion barrels of oil a day in 1590. The institutional obstacles such 
^i'^'S^^Tapid solar development would nay e jyjivefcome are discussed in R. Schoen, 
:?r;A-S. Hirthberg,^^ J. WeingvVfflS^ Energy Technology for Buildings 
15^:^; (Can^rid^e^^ - 

:23^ solar stills are descjibed in "Solar Desalting Process' 

: Breakthroughs,'' Soiflr Erie^^ Digestrjune 1976. 



: .24. '.'French Solar-Powered Irrigation Puippi Installed in Mexic<*' 
'Energy Digest, Eebruary 1976." 



Solar 



g|5. D. Procter and R.F. Whi^e'^r^1^. Appli£ati3n,of Solar Energy in the Food 
^^jhrocessing Industry'," presintecT^ a meeting of the Australian and New 
Zealand Sections of hS.E.S/f Melbodrni^CAustraiia, July 2, 1975: V ^ 



26. 



Malcolm Fraser, Analysis of^ the^ Ecomamic PotentUhof 5ola.f Thirmai^ 



Energy to Provide Industrial Process 
technology Corporation, 1977), A o 
.jeasi^ obtain a temperature of 288^C 



27* The energy demcTnd projections used b; 
Development Administration to justify a i 
were carefully analyzed by Frank von Hippi. 
Waste and Nuclear gower Growth/' Bultetii 




(Warre/ton; Virginia: Jntejr-\ 
SQ&r collector can qi^t^, 



th^ U.y ^erp r ^RVsearch fanSl 
[assive*^ nu«S?pavy«^ program .' 
and RobertHVUliM^^vEnetg^: 
of the Atomic. 5 d^^tfifs, l)^^ 



cember 19.76. The authors found that tl^ projec4ions Hemaldeowe-use ot 



electricity for virtually everything. The mQsl egregious exaiyple* pT cUctrfgah 
"padding" was for industrial process heat. Virtjj'ally no electllcity isr used this 
way today; yet the projections show the 2020 electrical deipand for^ proMSS 
hell to be larger than that for all electricity used^n'th^ -cntnpe U«S.' economy • 
in 1975. Fraser, in Analysis of the Economic Potential, toundL^^t J^lf^of^^hfe 
eneKy could be provided by direct solar heating; ^ost of t lWren>m nine shaV 
can be more easily obtained from biomass or other fuels, tijarmom el^fricft^., 

28. Ad^n Baker Meinel and Marjorie Pettit Meinel, Powef fg\the Peopk, 
(Tucson, Arizona: privately published, 1970). 
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Z9? Arguments for closed-cygW PT^Cs found in U.S5House of Rep- 

'i^esieAUjtiv^/ Subcommittee, oh Energy^ of the Comipittee on Science and 
AstT'ohaftttcs, Solar Sea Thermal Power^ Hearings. MayA3,*1974. Open-cycle 
OTECs are advocated in Earl J. Beck. "Ocean Thermaf t3'radient Hydrairiic 
Power Plant/' Wlrewce, July 25, 1975; and in Clarence Z«ier and John Fetko- 
vitch, "^oam So(ar Sea Power Plant," Science, Jul^ 25. ly^S. 

30. An excellent series bf papers was prepared^uhder the auspices of v the 
-AmerUpAj^ Society of International Law for the 1976 Workshop on Legal. 

Polifical^'iand Instittitional Aspects of Oceanr Thermal Energy Conversion. 
Of particular interest is Carlos Stern's skeptical paper. "An Economic As- 
sessment of Ocean Thermal Energy Conversion.'" For a more optimistic afs- 
. sessinent of OTEC economics, see Clarence Zener. "Solar Sea Power." Bul- 
letin of the Atomic^cientists, January 1976. , • 

31. R.H. Williams. 'The Greenhouse Effect for Ocean^Based Solar Energy 
Systems." Working Paper No. 21. Center for Environmental Studies, pi^nc e- 
ton University, October 1975. 

32. An excdlent introduction to photovbltaics can be found in B^^uce Chal- 
mers, "The Photovoltaic Generation of .Electricity." Scientific American, 

' ^ October 1976. For a more detailed treatment see Joseph A. Merrigari. Sww- 
light to Electricity: Prospects for Solar Energy Corwersioti by Photovol- 
toic* (CambriSge, Mass.: MIT Press. 1975). 

33. ^'receftt technical survey of phgt ovo itaic jnatefials and techniqu/fes can 
be found in the^2-volume Pro^eedings~~of the E.R.D^A. Solar Photovoltaic 
Program Review Meeting, Autust ^3-6.'* 1976 ' (Springfield. Virginia: Nar 
tional Techrtic^al Information Sei^ice. 1976). 

•34. See. for example, the testimony of Paul R^ppaport and others in Solar 
Photovolt/aic Energy, Subcommittee on Ehergy of the House Committee on 
Science arid Astftnautics. Washington. D.p.. Hearing^ Jtine 6 and 11. 1974. 

35. A useful overview of the Japanese program is provided by Akira Uehara, 
"Solar Energy Research and Development in Quest for New Energy 
Sources." . Tec/in£>crflf, Vol. 9. No. 3. See also Japan's Sunshine Projeqt 
(Tokyo: MITI Agency of Industrial Science and Technology, 1975). 
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36. The two-year ^yback period (for^cells with an expected lifetime of 
more than 20 yearsMias Become conventional .wisdom amon^ the silicplj. 
photovoltaic specialists^ ee/ for example, Martin Wolfe, "MetHdSds for Low- 
Cost Manufacture of integrated Solar .Arrays/\ and P.A. lies/ "Energy 
Economics in Solar Cell roocessing," both In Proceedings of the Syfnpo$mm, 
pri the Material Science Ahfecis of Thin Mm Systems for Solar Energy Con- 
perftort/i May 20-24^ Tuscon, Arizona (Washington, D.C: National Science 
^Foundation, 1974). The calculations ^bySlesser and iJoiifnam based upon a 
two-year payback are in K4. Slesser and I. Hounam, ''Solar Energy Breeders/' 
Nature, July 22, 1976. £.L. Ralph,-Vice President for Research at Spectrolab, 
claims that his company's cells now have a payback period of 87 days, and 
that the theoretical miniinum woUld ble on the order of 30 hours, according 
to a personal communication with Pr. Peter Glaser of Arthur D. Little. 



.37i Ph^ovoltaics* could, of course; also be used in highly centralized arrays 
in areas of high insulation. The advantages of decentr^ilization ate more so- 
cial than technical. At the extreme are proposals to olJtain large amounts, of 
energy from photovoltaic cells on orbiting satellited, with the energy beamed 
down to Earth via microwaves. The idea wae first suggested by Peter Glaser, 
"Power from the Sun: Its Future," Science, November 1968,~and has more 
recently been popul^ized by Gerald K. O'NeilU "Space Colonization and 
Energy Supply to the Earth," Co-Evolution Quarterly, Fall 1975. The con- 
cept appears tp have no insurmountable technical flaws, but is of dubious^ 
desirability. Simple, decentralized terrestrial uses of photovoltaics have far" 
more to recommend them. . ' ■ 

1 

38. TheMaijgest of these sailing vessels captured about »four megawatts of 
power fro^ 'the wind. I am . indebted to Professor Frank von Hippel of 
rrinceton l! niversity for several of the ideas in this section. 

history" of wind? power can be .found in Volta Torrey, 
ittleboro, Vermont: 'Stephen Green Press, 1976); E.W. 
. 'ation of Electricity by Wmd Power {New /York: Philo- 
1»955); John Reynolds, . Windmills and Watermills (New 
|70); A.T.H. Gross, Wind Power Usage in Europe (Spring- 
iona^Technical Information Service, 1974). ^ 

40, Palmer Cf ?utTt!(^, Rctwer From the Wind (New York: Van Nostrand 
Co., 1948^ ■ ^' ' '- ' 

41. Don Hinrichsen and Patrick Cawood, "Fresh Breeze for Denmark's 
Windmills," New Scientist, June 10, 1976, 
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42. Herman and Cannon,, Energy Futures; see also Marshal F, Merriam, 
"Wind Energy for Human Needs," Techhology Review, January J977, ^ 

43;Tranlc Eldridge,^mii Macfiiwes (Washington, D,C,: U,S, Government 
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